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1 Introduction 
1.1 Primary endosymbiosis and emergence of today’s chloroplasts 
Plants are sessile organisms whose origin traces back to the earliest history of life. 
Around 1.6 to 1.2 billion years ago a mitochondria-carrying eukaryote engulfed a 
cyanobacterium and established a stable symbiosis, resulting in an autotrophic 
eukaryote (Mereschkowsky, 1905; Margulis, 1970; Dyall et al., 2004; Yoon et al., 
2004; Kutschera and Niklas, 2005; Martin et al., 2015). Thus, the primary 
endosymbiosis of the cyanobacteria-like ancestor, which is thought to be a 
monophyletic event, gave rise to today’s chloroplasts, an organelle that is surrounded by 
two membranes: the inner of prokaryotic origin and the outer membrane deriving from 
the host cell (Dyall et al., 2004; Yoon et al., 2004; Kutschera and Niklas, 2005, Parfrey 
et al., 2011). As a consequence of the symbiosis proto-plastids were integrated into the 
host cell. During the integration process the majority of genes from the organellar 
genomes were transferred to the nuclear genome of the host cell by horizontal gene 
transfer (Sitte, 1991; Martin and Herrmann, 1998; Timmis et al., 2004). Comparison of 
the nuclear genome of Arabidopsis and the genome of cyanobacteria revealed that 
~18% (~4500 genes) of the protein-coding genes in Arabidopsis derived from the 
plastidial ancestor (Martin et al., 2002). The lateral gene transfer to the nucleus was 
accompanied by a strong reduction of the organellar genome, as seen by comparison of 
genome sizes of cyanobacteria with plastid genome sizes of land plants. While the 
genomes of the cyanobacteria Synechocystis sp., Nostoc PCC 7120 and Nostoc 
punctiforme have a size of 3573 kb, 6413 kb and ~9000 kb, respectively, the chloroplast 
genome of Arabidopsis thaliana and Nicotiana tabacum comprises only ~150 kb (Sato 
et al., 1999; Timmis et al, 2004). Furthermore the genome of Synechocystis sp encodes 
for 3168 protein-coding genes, while the chloroplast genome of Arabidopsis thaliana 
encodes only a conserved set of ~87 proteins (Sato et al., 1999; Abdallah et al., 2000; 
Timmis et al., 2004, Sakamoto et al., 2008). Hence, the former free-living bacteria kept 
their own genome - the so-called plastome with a conserved set of genes, encoding 
components involved in transcription and translation (RNA polymerase subunits, 
ribosomal protein subunits, rRNAs, tRNAs) and in photosynthesis/respiration/electron 
transport (Martin and Herrmann, 1998; Timmis et al., 2004; Sugiura, 1992). 
Nevertheless, proper plastid gene expression and chloroplast formation requires the 
import of numerous nuclear-encoded proteins. Current estimations range from 690 up to 
4500 proteins that are imported into plastids (Abdallah et al., 2000; Kleffmann et al., 
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2004; Sun et al., 2004; Leister, 2016). Hence, the ancient bacteria lost their 
independence and became semi-autonomous. Nonetheless, the lateral gene transfer was 
also advantageous for the engulfed bacterium, since the endosymbiosis led to genetic 
isolation of the bacterium. Becoming part of the nuclear genome facilitated sexual 
recombination and DNA repair (Allen and Raven, 1996; Martin and Herrmann, 1998). 
The reason for maintaining a plastid genome, however, is still under debate. One theory 
suggested that the evolution is still ongoing and the process of gene transfer is not yet 
finished (Stegemann et al., 2003; Bock and Timmis, 2008). Another idea proposed that 
hydrophobic proteins are poorly imported into organelles and, therefore, are kept 
encoded in the organellar genome (Adams and Palmer, 2003; Timmis et al., 2004). The 
latter theory, however, does not apply to all hydrophobic proteins; since for instance the 
highly hydrophobic light harvesting proteins are nuclear-encoded and successfully 
imported into the chloroplasts (Mullet, 1988). Allen, 1993 discussed that some key 
redox-associated genes are kept in the plastids, in order to directly regulate their 
expression via the organellar redox status. This model allows for a fast regulation of 
gene expression by the redox-state of the electron transport chain and, therefore, a fast 
and direct acclimation to environmental changes that influence photosynthetic electron 
transport (Allen, 2015).  
 
1.2 Communication between plastids and the nucleus  
The incomplete transfer of plastid genes to the nucleus resulted in multi-protein-
complexes composed of plastid and nuclear-encoded proteins, such as the 
photosystems, ribulose-1,5-bisphosphate carboxylase/oxygenase (RubisCO) or the 
plastid-encoded RNA polymerase (PEP). Moreover plastid function is connected to 
many biochemical processes that occur e.g. in cytosol or mitochondria and vice versa 
(Hoefnagel et al., 1998; Gardeström et al., 2002; Blanco et al., 2014). The fluctuating 
environment affects the expression of such components or the function of the processes, 
comprising changes in gene expression, in translocation of protein-precursors from the 
cytosol into the plastids or the assembly of protein complexes. Proper plastid biogenesis 
and function, thus, requires a tight regulation of gene expression between the genetic 
cell compartments. This is achieved by communication either from the nucleus towards 
the plastids (anterograde signaling) or from the plastids towards the nucleus (retrograde 
signaling; Jarvis and Lopez-Juez, 2013).  The “retrograde signals” or “plastid signals” 
were discovered in plants with defective plastids due to genetic impairment of 
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translation or carotenoid biosynthesis (Bradbeer et al., 1979; Mayfield and Taylor 
1984). Other approaches used norflurazon, an inhibitor of the phytoene desaturase, an 
enzyme of the carotenoid biosynthesis. Upon illumination norflurazon-treated seedlings 
exhibited a strong photobleaching and destruction of plastids that caused a down-
regulation of the nuclear-encoded genes for the small subunit of RubisCO (RBCS) and 
chlorophyll a/b binding proteins of photosystem II were observable, thus suggesting a 
plastid-to-nucleus communication (Oelmüller and Mohr, 1986). Many experiments e.g. 
with inhibitors of gene transcription (e.g. tagetitoxin or rifampicin) or translation 
(chloramphenicol or lincomycin) or the use of specific mutants with dysfunctional 
plastids followed (Oelmüller et al., 1986; Rapp and Mullet, 1991; Susek et al., 1993; 
Sullivan and Gray, 1999). However, to date it is still not fully understood how precisely 
the retrograde signaling is mechanistically performed. Many signaling routes are 
currently under debate. The signals might derive from (I) plastid gene expression, (II) 
photosynthetic electron transport and redox-signals, (III) pigment biosynthesis of 
tetrapyrroles, such as heme or Mg-Proto-Porphyrin-IX and carotenoids, (IV) 
metabolites, such as methylerythritol cyclodiphosphate (MEcPP), a precursor of 
isoprenoids or 3'-phosphoadenosine 5'-phosphate (PAP) or (V) reactive oxygen species 
(ROS) (Kovtun et al., 2000; Pfannschmidt 2003; Apel and Hirt, 2004; Bonardi et al. 
2005; Bräutigam et al., 2007; Lee et al. 2007a; Pesaresi et al., 2007; Rochaix 2007; 
Dietzel et al., 2008; Dietzel et al. 2009; Moulin et al., 2008; Pfannschmidt et al., 2009; 
Estavillo et al., 2011; Woodson et al., 2011; Xiao et al., 2012; Terry and Smith, 2013; 
Woodson et al., 2013; Schlicke et al., 2014). It is likely that some or even all potential 
retrograde signals are to some extend intertwined with each other. For example reactive 
oxygen species might derive from miss-regulated gene-expression and/or an imbalanced 
or dysfunctional photosynthetic electron transport (PET), thus combining signaling 
from gene expression, PET/redox-regulation and ROS formation. Furthermore it was 
suggested that retrograde signals deriving e.g. from photosynthetic gene expression, 
tetrapyrroles, ROS or redox-signals converge in the activation of the PHD type 
transcription factor with transmembrane domains (PTM) that is located on the cytosolic 
face of the outer plastid envelope. In response to chloroplast signals, PTM is processed 
into a mature form, which is released from the envelope and redistributed to the nucleus 
and mediates changes in the nuclear gene expression (Sun et al., 2011). Another 
possibility is the DNA-binding protein WHY1 (WHIRLY 1), which is dually localized 
to the plastids and the nucleus and thus represent an excellent candidate for the 
                                                                                                                         Introduction 
 4 
retrograde signal transduction (Grabowsky et al., 2008). But not only plastid derived 
signals, also a lack of plastid signals or a feedback-loop might explain changes in the 
nuclear gene expression (Pfannschmidt et al., 2010). In any case the plastids transmit 
their developmental/functional state to the nucleus, which will influence the expression 
of photosynthesis associated nuclear genes (PhANGs). As a consequence the nucleus 
supplies the plastids with the required proteins (anterograde signaling), which allows 
nuclear control on e.g. protein import, gene expression or post-transcriptional 
regulation, such as editing and splicing (Bräutigam et al., 2007). 
 
1.3 The gene expression machinery in the plastids 
1.3.1 The nuclear-encoded RNA polymerase 
Plastids contain 2 types of RNA polymerases – the nuclear-encoded RNA polymerase 
(NEP) and the plastid-encoded RNA polymerase (PEP). The nuclear-encoded RNA 
polymerases form a family of single-subunit T3/T7 phage-type polymerases, each with 
a size of around ~110 kDa (Börner et al., 2015; Pfannschmidt et al., 2015). 
Monocotyledons contain 2 different NEP-enzymes: (1) RPOTp, located exclusively to 
the plastids and (2) RPOTm located only to the mitochondria (Chang et al., 1999; Ikeda 
and Gray, 1999; Kusumi et al., 2004). In contrast, dicotyledonous plants harbor, in 
addition a third NEP-enzyme, RPOTmp that was found to be located in both organelles, 
plastids and mitochondria (Hedtke et al., 2000). At the beginning of the 1990’s the 
genes coding for the PEP were described, but a nuclear-encoded RNA polymerase was 
not yet identified (Igloi and Kössel, 1992). First evidences for the presence of a nuclear-
encoded RNA polymerase came from experiments with the parasitic flowering plant 
Epifagus virginiana that lacks PEP-subunits on its plastome. Nevertheless, transcripts 
for several plastid genes were detected, thus raising the question of an imported RNA 
polymerase (Morden et al., 1991). Further evidence derived from experiments with the 
albostrians-mutant of Hordeum vulgare (barley) and heat-bleached leaves of Secale 
cereale (rye) that both lacked plastid ribosomes. In plastids of these plants PEP could 
not be translated and therefore plastid genes should not be transcribed. However, plastid 
transcription was observed (Hess et al., 1993; Falk et al., 1993). Comparable results 
were obtained in tobacco, by the deletion of the RPOB gene coding for the PEP -
subunit (Allison et al., 1996). Independently, a RNA polymerase purification of spinach 
chloroplasts led to the identification of a 110 kDa single subunit, T7 phage-like RNA 
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polymerase, which was suggested to be the nuclear-encoded enzyme (Lerbs-Mache, 
1993).  
 
The identification of two nuclear genes that display sequence homologies to the RNA 
polymerases of yeast and the bacteriophages T7, T3, and SP6, as well as the prove that 
they are targeted to the mitochondria and the plastids, respectively, confirmed the 
existence of the NEPs (Hedtke et al., 1997). In 2000 Hedtke et al. could demonstrate 
the presence of a third NEP-enzyme (RPOTmp) in Arabidopsis thaliana that 
translocates to the mitochondria and the plastids. Promoters that are recognized by the 
NEPs have been analyzed and therefore can be classified as followed:  class Ia is 
characterized by a YRTA motif  (Y = T or C and R = A or G) upstream of the 
transcription start site, class Ib has an additional GAA box, ~20 nt upstream oft he 
YRTA motif and class II does not contain the consensus sequence YRTA (Hübschmann 
and Liere, 1998; Liere and Maliga, 1999; Weihe and Börner, 1999; Pfannschmidt et al., 
2015). However, factors that mediate promoter recognition and transcription initiation 
by NEP are not yet characterized (Courtois et al., 2007; Pfannschmidt et al., 2015). The 
presence of RPOTp and RPOTmp in plastids led to the question why there are two 
different NEPs located to the plastids. Primer extension experiments suggested different 
roles of the two NEP-enzymes. RPOTp seems to be the principal RNA polymerase that 
transcribes NEP-controlled genes such as the subunits of the RPO genes for the PEP 
polymerase, ACCD and YCF2 during early plant development. In contrast, RPOTmp 
transcribes specifically the rRNA operon at the PC promoter during seed imbibition 
(Courtois et al., 2007). Despite their different target genes the activity of both NEP 
enzymes is highest during the first days of seed germination (Demarsy et al., 2006). 
 
1.3.2 The plastid-encoded RNA polymerase 
The plastid-encoded RNA polymerase is a multi-subunit complex of prokaryotic origin 
that consists of the bacterial-like subunits 2´´´ (Igloi and Kössel, 1992). The 
existence of this multimeric RNA polymerase within plastids was demonstrated first by 
purification of the enzyme from maize chloroplasts comprising at least two subunits of 
180 kDa and 140 kDa in size and some smaller subunits that are more loosely 
associated (Bottomley et al., 1971; Smith and Bogorad, 1974). First evidence that 
plastids code for their own RNA polymerase came from the discovery of the open 
reading frame of the RPOA gene in spinach, coding for the -subunit of the RNA 
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polymerase (Sijben-Müller et al., 1986). The sequencing of the tobacco as well as the 
liverwort chloroplast genomes then revealed the presence of the open reading frames of 
RPOA (coding for the -subunit), RPOB (coding for the -subunit) and RPOC, which 
encodes in Escherichia coli for the ´-subunit (Shinozaki et al., 1986; Ohyama et al., 
1986). Furthermore, Ohyama et al. found out that liverwort contains the genes RPOC1 
and RPOC2 that show high sequence homology to the N- and C-terminal halves of the 
Escherichia coli ´-subunit, respectively (Ohyama et al., 1986), thus corresponding 
proteins were designated as ´ and ´´ (Hudson et al., 1988).  
 
In the beginning of the 1990’s refinements of the purification techniques led to 
identification of the proteins , , ´ and ´´ in the maize chloroplasts that corresponded 
to the previously described genes (Hu and Bogorad, 1990; Hu et al., 1991). The genes 
RPOB, RPOC1 and RPOC2 are arranged in an operon (Hu and Bogorad, 1990). RPOA 
is part of a separate operon and is positioned between the genes RPS11 and PETD (Hu 
and Bogorad, 1990). RPOB encodes for the catalytic -subunit. The function of the 
gene-product of RPOC1 (´-subunit) has no assigned function yet, while RPOC2 
encodes a subunit that is thought to posses DNA binding function. The gene product of 
RPOA likely has a stabilizing function of the complex (Pfannschmidt et al., 2015). 
Based on the homology to the bacterial RNA polymerase it is suggested that the -
subunit is present as dimer in the PEP-complex (Igloi and Kössel, 1992). This so-called 
core enzyme, consisting of 2´ and ´´ is capable of transcriptional elongation in 
vitro (Igloi and Kössel, 1992).  
 
The promoters of PEP-transcribed genes resemble E. coli 70-type promoters with a –35 
(TTGACA)- and –10 (TATAAT)-like-sequence motifs (Igloi and Kössel, 1992; Shiina 
et al., 2005). As in prokaryotes, the promoter recognition is mediated by sigma factors 
(Bülow and Link, 1988; Lerbs et al., 1988; Allison, 2000). Interestingly the eukaryotic 
sigma factors are transcribed in the nucleus (Liu and Troxler, 1996; Tanaka et al., 1996; 
Tanaka et al., 1997; Kestermann et al. 1998), thus are likely to mediate nuclear control 
on plastid gene expression (Ishizaki et al., 2005). In Arabidopsis thaliana exist 6 sigma 
factors, designated as SIG 1-6 (Isono et al., 1997; Tanaka et al., 1997; Fujiwara et al., 
2000; Hakimi et al., 2000). The Arabidopsis sigma factors are thought to be partially 
redundant (Schweer, et al., 2010a; Woodson et al., 2013). Nevertheless the sigma 
factors are able to recognize different sets of promoters, thus mediating development or 
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gene specific expression of plastid genes. SIG 5 regulates specifically the light-
dependent transcription of the PSBD blue light responsive promoter (BLRP) 
(Tsunoyama et al., 2004), SIG 2 was found to transcribe mainly tRNA-promoters and 
PSBA (Kanamura et al., 2001; Hanaoka et al., 2003; Nagashima et al., 2004). Other 
sigma factors are more general transcription factors and control transcription of the 
majority of photosynthesis genes but in a developmental-dependent manner. While SIG 
6 regulates the transcription of PEP-dependent genes during the early development of 
cotyledons (Ishizaki et al., 2005; Schweer et al., 2006), SIG 1 becomes first active in 8-
day-old seedlings (Ishizaki et al., 2005). The plant sigma factors can be post-
translational modified by phosphorylation, as demonstrated for SIG 1, SIG 2 and SIG 6 
(Schweer et al., 2010b; Shimizu et al., 2010; Türkeri, 2012). The phosphorylation of 
SIG 1, 2 and 6 was found to be mediated by a redox-regulated kinase chloroplast casein 
kinase 2 (cpCK2) in vitro, resulting in changed binding-properties of the PEP to 
selected promoters (Puthiyaveetil et al., 2010; Schweer et al., 2010b; Türkeri, 2012). 
Thus, pointing to redox-mediated changes in plastid gene expression. 
 
Since plastids contain both, NEP and PEP, the question arose what set of genes are 
transcribed by the respective polymerase. Experimental data revealed three different 
classes (Hajdukiewicz et al., 1997). Class I comprises genes that are exclusively 
transcribed by the PEP (photosynthesis genes, such as PSBA, PSBB, PSBK, RBCL, 
PETB, NDHA). Class II-genes contain at least one promoter each for NEP and PEP 
(e.g.: ATPB, ATPI, NDHB, NDHF, CLPP, YCF1) and class III-genes are transcribed 
only by the NEP enzyme (e.g.: YCF2, ACCD, RPOA, RPOB, RPOC1, RPOC2) 
(Hajdukiewicz et al., 1997; Shiina et al., 2005; Liere et al., 2011).  
 
1.3.3 Purification of the PEP 
Many attempts were made to purify and characterize the plastid-encoded RNA 
polymerase more in detail. Depending on the method that was used, different subunit 
compositions in the polymerase fraction were found (Pfalz and Pfanschmidt, 2013). The 
RNA polymerase preparations can be divided into 3 major groups: the nucleoid, the 
transcriptionally active chromosome (TAC) and soluble RNA polymerase (sRNAPase) 
(Pfalz and Pfannschmidt, 2013). The nuclei or nucleoid form a structure that contains 
the plastid DNA and a multitude of other components needed for the gene expression, 
such as the RNA polymerase (Sakai et al., 2004). Fluorescence microscopy, using the 
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DNA-specific dye 4´,6-diamidino-2-phenylindole (DAPI) revealed that the number, size 
and localization of the nucleoid varies during the plastid development. In 
undifferentiated plastids (so-called proplastids; see section 1.4) the DNA appears to be 
localized as a single spot in the center of the organelle. During seed germination the 
nucleoid moves to the envelope, were it might be anchored by the plastid envelope 
DNA-binding protein (PEND), enlarge and eventually become ring-shaped (Sato et al., 
1993; Sakai et al., 2004; Powikrowska et al., 2014). In fully developed chloroplasts (the 
photosynthetically active plastid) nucleoids appear as numerous small particles of 
heterogeneous size that are distributed along thylakoid membranes and potentially 
anchored to the thylakoids by pTAC16 (Sakai et al., 2004; Ingelsson and Vener, 2012; 
Majeran et al., 2012; Powikrowska et al., 2014). Due to the multitude of proteins 
present in this polymerase fraction, purified nucleoids show high transcriptional activity 
upon addition of nucleotides (Sakai, 2001).  
 
The TAC represents a more purified fraction than the nucleoid. In Arabidopsis it 
yielded at least 35 proteins identified by mass spectrometry, from which 18 were novel 
and therefore called proteins of the transcriptionally active chromosome (pTACs; Pfalz 
et al., 2006). The TAC still contains DNA and is able to transcribe genes upon addition 
of nucleotides (Krause and Krupinska, 2000; Pfalz et al., 2006; Pfalz and Pfannschmidt, 
2013). The sRNAPase depicts a highly purified polymerase that does not contain DNA. 
Interestingly sRNAPase of etiolated (darkgrown) and de-etiolated (illuminated) mustard 
seedlings revealed a totally different protein composition with different characteristics 
(Pfannschmidt and Link, 1994; Pfannschmidt and Link, 1997). Etiolated seedlings 
contained a RNA polymerase, designated as enzyme of peak B (later re-named PEP-B), 
which comprises only the subunits , , ´ and ´´, thus, resembling the bacterial RNA 
polymerase (Pfanschmidt and Link, 1994). In contrast, the RNA polymerase of de-
etiolated seedlings, named enzyme of peak A (later re-named PEP-A) consists of at 
least 13 proteins (Pfannschmidt and Link, 1994). Both enzymes, PEP-B and PEP-A 
transcribe in vitro the same set of chloroplast promoters, but they display different 
DNA-binding properties. PEP-B requires elevated levels of ions, but no MgCl2, while 
PEP-A is relatively insensitive to changes in ionic-strength but requires MgCl2. 
Furthermore, PEP-B is sensitive to rifampicin, as it is the prokaryotic RNA polymerase 
of E.coli. In contrast the PEP-A is insensitive to rifampicin (Pfannschmidt and Link, 
1994; Pfannschmidt and Link, 1997). A recent sRNPase preparation of mustard yielded 
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15 subunits that could be identified by mass spectrometry: RPOA (-subunit), RPOB 
(-subunit), RPOC1 (´-subunit) and RPOC2 (´´-subunit), pTAC2, pTAC3, pTAC6, 
pTAC10, pTAC12/HEMERA, pTAC14, FLN1 (fructokinase-like protein), iron FSD2 
and 3 (superoxide dismutase 2 and 3) and TrxZ (thioredoxin-z) (Steiner et al., 2011). 
Thus, the PEP-A complex consists of the prokaryotic PEP-core 2´´´ and 10 
additional proteins that are nuclear-encoded.  These 10 additional proteins were named 
PAPs for PEP-associated proteins (Steiner et al., 2011). The 15 PEP-A subunits are also 
present in TAC-preparations, demonstrating that the TAC comprises PEP-A that is 
decorated with further proteins. The composition of these can vary depending on the 
plastid-type (Reis and Link, 1985; Suck et al., 1996). These findings reveal that the 
eukaryotic transcription machinery of plastids is much more complex than anticipated 
from the similarity of the RPO genes to prokaryotic RNA polymerases. The addition of 
these nuclear-encoded PAPs provides another level of nuclear control over the plastid 
gene expression.  
 
1.3.4 PEP-associated proteins (PAPs) 
The biochemical approach of Steiner et al., 2011 yielded 10 PAP proteins that are 
tightly associated with the PEP, but the number of PAPs was extended by another 2 
proteins (PAP11/MurE and PAP12/pTAC7) based on phenotypic analyses of 
corresponding Arabidopsis mutants (Pfalz and Pfannschmidt, 2013). The 12 PAPs are 
highly diverse in their function and structure (Tab. 1; Fig. 1). To date for the majority of 
the PAPs only predicted functions are available. Experimental confirmation and a 
functional analysis format are still lacking. Nevertheless, based on the predictions the 
PAPs can be divided into 4 major functional groups: (I) DNA/RNA metabolism (PAP1, 
2, 3, 5 and 7), (II) redox-regulation (PAP6 and 10), (III) ROS protection (PAP4 and 9) 
and (IV) unknown function (PAP8, 11 and 12) (Table 1; Steiner et al., 2011; Kindgren 
and Strand, 2015; Pfannschmidt et al., 2015). PAP1/pTAC3 is a protein of ~100 kDa 
(Steiner et al., 2011; Yagi et al., 2012). PAP1 contains a predicted SAP-domain that is 
involved in DNA/RNA binding (Aravind et al., 2000), a pentatricopeptide repeat (PPR) 
motif that is involved in post-transcriptional processes, such as splicing, editing, 
translation, processing and stabilization of RNA (Small and Peeters, 2000; Delannoy et 
al., 2007; Schmitz-Linneweber and Small, 2008; Pfalz et al., 2009; Manna, 2015) and a 
PNLR domain that is associated with the stabilization of the RBCL RNA (Pfannschmidt 
et al., 2015). Immunoprecipitation analyses showed an interaction of PAP1 with the -
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subunit (RPOA) of the PEP-core and confocal imaging confirmed the co-localization of 
PAP1 with plastid DNA, supporting the biochemical finding that PAP1 is part of the 
PEP-complex (Yagi et al., 2012).  
 
Table 1: The PEP-associated proteins. The 12 nuclear-encoded PEP-subunits, either biochemically or 
phenotypically identified, are listed with their alternative names and the AGI accession number. The 
predicted protein domains, the function of the PAPs and the mutant phenotypes are adapted from Steiner 
et al., 2011.  
 
 
PAP2/pTAC2 is a protein with a predicted size of 89 kDa and an apparent size of 107 
kDa (Steiner et al., 2011) that contains a predicted PPR repeat and a small MutS-related 
domain (SMR), involved in DNA mismatch repair (Pfalz et al., 2006; Fukui and 
Kuramitsu, 2011).  
PAP3/pTAC10, a protein of a size of 77 kDa, comprises a predicted S1-like domain that 
is involved in RNA binding (Jeon et al., 2012). PAP3 was found to interact with 
PAP12/pTAC7 in a yeast two-hybrid assay (Yu et al., 2013).  
PAP4/FSD3 (26 kDa) and PAP9/FSD2 (29 kDa) can form heteromeric protein 
complexes that are localized to the nucleoid. PAP4 and PAP9 contain functional C-
terminal and N-terminal SOD Fe/Mn superoxide dismutase domains that function in 
reactive oxygen species (ROS) scavenging (Myouga et al., 2008). Both proteins exhibit 
SOD activities in standard assays (Myouga et al., 2008). Furthermore PAP4 and PAP9 
seem to be partially redundant, because the single mutants are pale-green, while only 
the double mutant fsd2-1/fsd3-1 displays an albino/ivory phenotype that is lethal 
without sucrose-supplementation (Myouga et al., 2008; Pfannschmidt et al., 2015). The 
apparent molecular weight of PAP4 in SDS gel electrophoresis suggested that the 
protein might form very stable trimmers (Steiner et al., 2011).  
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PAP5/pTAC12/HEMERA (~60 kDa) contains a glutamate-rich region (GLU-Rich) and 
a PEST domain, which is a signature of short-lived proteins (Chen et al., 2010). PAP5 
is the only PAP-protein that was demonstrated to be dually localized to the plastids and 
the nucleus (Chen et al., 2010). It was demonstrated that the N-terminal part of the 
nucleus-located PAP5 interacts with phytochromes und thus, mediates the formation of 
a phytochrome nuclear body and as a consequence the degradation of the phytochrome-
interacting-factor 1 and 3 (PIF1, PIF3), which in turn triggers photomorphogenesis 
(Galvao et al., 2012). A 9 amino acid transcriptional activation domain (TAD) at the C 
terminus of PAP5/HEMERA/pTAC12 mediates the degradation of the PIFs and 
furthermore mediates the expression of PIF target genes (Qiu et al., 2015). PAP5 of Zea 
mays was also found to be dually localized to the plastid and the nucleus, although 2 
different isoforms were detected, each in the nucleus as well as in the plastids. 
Interestingly, the apparent size of the nucleus- and the plastid-localized proteins was 
equal, suggesting that nucleus-located PAP5 proteins were first translocated from the 
cytosol to the plastids, in order to process the chloroplast transit peptide, and 
subsequently translocated towards the nucleus – a translocation process that was already 
demonstrated for another TAC-subunit; WHY1 (Isemer et al., 2012). However, the two 
plastid isoforms were found to be localized within the PEP-complex and interact with 
both, single stranded RNA and single stranded DNA (Pfalz et al., 2015), suggesting 
different functions of PAP5 in the plastid and the nucleus. 
PAP6/FLN1 (52 kDa) is a pfkB-2 fructokinase, however a sugar phosphorylation 
activity could bot be shown experimentally (Arsova et al., 2010). It could be 
demonstrated that FLN1 is a target of PAP10/TrxZ, a redox-active thioredoxin of 12 
kDa (Arsova et al., 2010; Steiner et al., 2011). PAP6 and PAP10 interact via cysteine 
residues and form disulfide bonds (Arsova et al., 2010). Interestingly, complementation 
of the PAP6-knockout mutant with the redox-inactive PAP6, carrying a cysteine-to-
serine exchange at position 106 restored the wild type phenotype. Comparable results 
were obtained for the complementation of the PAP10-knockout mutant with the redox-
inactive PAP10, carrying a cysteine-to-serine exchange at position 105 and 106 
(Wimmelbacher and Börnke, 2014). These data suggest that at least PAP6 and PAP10 
are rather essential as structural components of the PEP complex than as functional 
components (Pfannschmidt et al., 2015).  
PAP7/pTAC14 (49 kDa) contains a SET domain, which is thought to be involved in 
methyltransferase activity; and a RubisCO-binding domain that shares similarity with 
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histone binding motives (Pfannschmidt et al., 2015). PAP7 was also found to interact 
with PAP5 in yeast two-hybrid and co-immunoprecipitation assays (Gao et al., 2011). A 
methyltransferase activity, however, could not be shown experimentally (Alban et al., 
2014; thesis of Morgane Minnino, 2014).  
PAP8/pTAC16 (37 kDa) and PAP12/pTAC7 (12 kDa) are enigmatic proteins that share 
no sequence homology with any yet known protein and thus, their function cannot be 
predicted (Pfannschmidt et al., 2015). 
Figure 1: Structural model of the PEP-A subunits. The structure of the PEP core corresponds to the 
bacterial type RPO core complex (Ebright lab). PAP1: Magenta, PNLR domain; deep green, 
pentatricopeptide (PPR) motif; cyan, SAP domain. PAP2: Deep green, PPR domain composed of 9 
motives; light green, small MutS related domain (SMR). PAP3: cyan, S1-like domain. PAP4: Cyan & 
sky blue, SOD Fe/Mn superoxide dismutase C-terminal and N-terminal domains, respectively. PAP5: 
Gold, glutamate-rich region (GLU-Rich); green, PEST signature of short-lived molecules (adapted from 
Chen et al., 2010); blue, 9-aa transcription activation domain (TAD).  PAP6: green, FRUKTOKINASE 
with substrate and ATP binding site. PAP7: magenta, SET domain; cyan, RubisCO binding domain that 
shares similarity with histone binding motives. PAP8: no homology with a known functional domain. 
PAP9: Cyan & sky blue: SOD Fe/Mn superoxide dismutase C-terminal and N-terminal domains 
respectively. PAP10: Magenta, thioredoxin domain. PAP11: Pink & magenta: MurE ligase domain. 
PAP12: no homology with a known functional domain. PAP1 to 12: yellow, chloroplast transit peptide 
(cTP); red, monopartite or bipartite nuclear localization signal (mNLS or bNLS); blue lines, regions with 
structural models predicted by Phyre
2
 (http://www.sbg.bio.ic.ac.uk/phyre2). Figure taken from 
Pfannschmidt et al., 2015. 
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An interaction of PAP12 with PAP3, PAP5, PAP6 and PAP7 was shown by yeast two-
hybrid and pull-down assays (Yu et al., 2013).  
PAP11/MurE (85 kDa) has a MurE-ligase domain. In bacteria MurE is known to 
catalyze the ATP-dependent formation of uridine diphosphate-N-acetylmuramic acid-
tripeptide in the peptidoglycan biosynthesis. MurE contains 24 amino acid residues that 
are strictly conserved. However, MurE-like/PAP11 of Arabidopsis exhibited 5 amino 
acid substitutions among the conserved residues. Furthermore, complementation assays 
revealed that the MurE-like/PAP11 of Arabidopsis is not able to complement the 
knockout line of Physcomitrella patens, while the MurE of the cyanobacterium 
Anabaena complemented the phenotype (Garcia et al., 2008). Thus, the MurE-
like/PAP11 of Arabidopsis seems to hold a different function. 
 
In addition to the above-mentioned functional domains (Fig. 1; Tab. 1) and the presence 
of the C-terminal chloroplast transit peptide (cTP) half of the PAPs (PAP1, 5, 7, 8, 9 
and 12) were also predicted to contain a nuclear localization signal (NLS) 
(Pfannschmidt et al., 2015) suggesting a potential dual-localization of them. This 
finding implies a number of questions. 1) Are the NLS sequences functional like in 
PAP5? 2) If yes, are these nucleus-localized PAPs also involved in the formation of 
phytochrome bodies and the degradation of the PIFs as PAP5/HEMERA/pTAC12 or do 
they possess distinct functions? 3) Since several PAPs are able to interact in vitro, do 
they form a nuclear complex? All these questions still await experimental prove. The 
analysis of the potential nuclear localization and the function of each single PAP would 
provide completely novel insights into the interaction of nucleus and plastids. 
 
Independent of their function and structure, all PAPs share one common characteristic: 
an inactivation of any PAP-gene results in albino plantlets that are only viable upon 
supplementation with a carbon source, such as sucrose (Table 1, Pfalz et al., 2006; 
Myouga et al., 2008; Arsova et al., 2010; Schröter et al., 2010; Gao et al., 2011; Steiner 
et al., 2011). The plastids in these plants are smaller, irregularly shaped and contain no 
or only a poorly developed internal membrane system with large vesicles and 
plastoglobuli (Pfalz et al., 2006; Myouga et al., 2008; Arsova et al., 2010; Gao et al., 
2011). Furthermore gene expression of PEP-dependent genes (class I genes) is strongly 
repressed in these albino plastids, while NEP-dependent genes (class III genes) and 
NEP+PEP-dependent genes (class II genes) are either not affected or up-regulated 
(Pfalz et al., 2006; Myouga et al., 2008; Arsova et al., 2010; Gao et al., 2011; Yagi et 
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al. 2012). These findings are comparable to the observed phenotype of transplastomic 
rpo- deletion mutants (Allison et al., 1996; Hajdukiewicz et al., 1997; De Santis-
Maciossek et al., 1999). Thus, PAPs appear to be crucial for the proper formation of the 
plastid-encoded RNA polymerase complex, the correct regulation of plastid gene 
expression and for chloroplast biogenesis.  
 
1.4 Diversity, function and distribution of plastids 
Plants posses a multitude of plastid types that differ in form, structure, proteome-
composition and functions, such as photosynthesis, amino acid metabolism, fatty acid 
synthesis, nitrogen- and sulfur assimilation, storage of starch and oil, coloring of fruits 
and flowers, as well as gravity sensing and stomata functioning (Pilon-Smits and Pilo, 
2006; Pyke, 2007; Weber, 2007; Wise et al., 2007; Lawson, 2009). Plastids cannot be 
newly formed, but are inherited from progenitor cells, as so-called proplastids/eoplasts 
that are present in the zygote (Schimper, 1885; Mereschkowsky, 1905; Pyke et al., 
2007). Most commonly the plastids are maternally inherited, but also paternal or 
biparental inheritance was observed (Timmis et al., 2004; Pyke et al., 2007). During 
division of the mother (or father) cell plastids are randomly distributed to the daughter 
cells, where they divide and multiply themselves by fission using a prokaryotic-type 
division apparatus (Osteryoung and Pyke, 2014; Liebers et al., 2017). Proplastids, 
which can be found in embryonic and meristematic cells, are small and undifferentiated 
organelles that contain limited internal structures (Pyke et al., 2007). During the 
embryogenesis of Arabidopsis thaliana occurs a stage-specific phase upon which the 
proplastid differentiates temporarily into a photosynthetic active, thylakoid containing 
chloroplast (Tejos et al., 2010). Chloroplasts were detected as early as the globular 
stage and are abundant until ~12 days after fertilization (Tejos et al., 2010; Allorent et 
al., 2013). Afterwards, the chloroplast transforms back into eoplasts (Mansfield and 
Briarty, 1991). The reason for this intermediate greening phase is unknown; it seems to 
be crucial for the fitness of the seed (Allorent et al., 2013). However, the eoplasts can 
later develop into a multitude of plastid types, depending on the tissue, the 
developmental stage and the environment. It, therefore, can be regarded as equivalent to 
the proplastids (Liebers et al., 2017).  
 
The hypocotyl and the roots harbor the colorless, non-pigment-containing leucoplasts, 
such as amyloplasts that contain high amounts of starch-grains and elaioplasts that 
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contain high amounts of plastoglobuli (Pyke et al., 2007; Ting et al., 1998; Wise et al., 
2007). The root tip has a special form of amyloplasts: the statoliths, which are involved 
in the sensing of gravitropism (Kiss et al., 1989). The cotyledons of dark-grown 
seedlings will develop etioplasts. Characteristic of etioplasts is the so-called prolamellar 
body, a paracrystalline structure of connected tubules that contains the chlorophyll 
precursor protochlorophyllide, the light-dependent protochlorophyllide oxidoreductase 
(POR), NADPH and the thylakoid membrane lipids digalactosyl-diacylglycerol 
(DGDG) and monogalactosyl-diacylglycerol (MGDG; Pribil et al., 2014; Bastien et al., 
2016; Liebers et al., 2017). Upon illumination chloroplasts will arise that are either 
differentiate from etioplasts, if the plant germinated in the darkness or develop directly 
from the eoplasts of the meristematic tissue if the plant germinated in the light. A recent 
study has demonstrated that the transition from proplastids to chloroplasts occurs at the 
shoot apex that consists of the shoot apical meristem (SAM) and the flanking primordial 
leaves (Charuvi et al. 2012). Moreover, they could demonstrate that the developmental 
state of the plastids depends on the region and the layer of the SAM. 
 
Figure 2: Plastid development in the shoot 
apex. The L1 and L3 contain fairly developed 
thylakoid membranes. The CZ of L2, as well as 
the top layer of L3 contain proplastids. The 
periphery of the L2 layer, which is close to the 
primordial leaves, develops plastids with 
thylakoids. The epidermis and mesophyll cells 
of young leaf primordia contain plastids with a 
thylakoid system similar to the plastids in the 
SAM. Thylakoid-membrane structures with 
well-developed grana and stroma partitions are 
present in mature leaves. The majority of 
epidermal plastids will turn into leucoplasts 
(arrows). SAM: shoot apical meristem, L1-3: 
layer 1-3, yellow ellipse: central zone (CZ), 
dotted line indicate the border between 
epidermis and mesophyll tissue. Figure is taken 
from Charuvi et al., 2012. 
 
 
The SAM is divided into three layers: (I) the single cell-layer L1 that give rise to the 
epidermis;  (II) the single cell layer L2 that will turn into the outer mesophyll and (III) 
the multilayer L3 that will become the inner mesophyll and vasculature (Fig. 2; Charuvi 
et al., 2012). Interestingly the L1 that gives rise to the epidermis contains plastids with 
small, but partially differentiated thylakoid networks. This type of plastids persists in 
young leaf primordial. But in mature leaves, most of the plastids of the epidermis turn 
into leucoplasts. Thus, pointing to a loss of thylakoids specifically in this layer (Charuvi 
et al., 2012). Nevertheless, chloroplasts are present in the epidermis of mature leaves. 
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The epidermal layer contains 3 different types of cells: trichomes on the adaxial side, 
guard cells on the abaxial side and pavement cells (Glover, 2000). Trichomes of 
Arabidopsis seem to be free of chloroplasts (Jakoby et al., 2008), while trichomes of 
Nicotiana tabacum do contain chloroplasts (Akers et al., 1978; Cui et al., 2011). Key 
features of guard cells are chloroplasts, which might even contribute to the stomata 
regulation (Lawson, 2009). The presence of chloroplasts in the pavement cells is highly 
discussed. Recent data, however, support the presence of chloroplasts in the pavement 
cells, although they are low abundant (~1/10 of mesophyll cells), 50-70% smaller than 
the chloroplasts of the mesophyll cells and display lower autofluorescence (Pyke and 
Leech, 1994; Barton et al, 2016; Virdi et al, 2016). However, in contrast to the L1 layer, 
the central zone of the L2 layer, as well as the top-layer of the L3 layer, harbor real 
proplastids that do not contain thylakoids. In contrast, in the peripheral zone of L2 and 
the residual layers of L3, from which the photosynthetic tissue (mesophyll) of the later 
leaves emerge, harbor plastids with fairly developed thylakoids. The mesophyll tissue 
of mature leaves then develops chloroplasts with the typical grana-and stroma 
thylakoids (Charuvi et al., 2012).  
 
Additionally to the aforementioned plastid types, plants harbor also chromoplasts that 
derive most often from chloroplasts. Chromoplasts are characterized by a high synthesis 
of carotenoids and can be found in fruits and flowers (Egea et al., 2010; Liebers et al., 
2017). Furthermore, in senescencing tissues plastids are turned into gerontoplasts, an 
aging form of plastids (Liebers et al., 2017). 
 
1.5 Plastid development during the skoto-and photomorphogenic program 
Based on published expression data it is hypothesized that the conversion from one 
plastid type to another is dependent on changes in the plastid transcription machinery. 
NEP and PEP are active in all green or non-green tissues, but with different degrees of 
activity resulting in different plastid transcriptomes and therefore different structures 
and function that define the different plastid types (Liebers et al., 2017). The best-
studied plastid conversion so-far is the transition from proplastids or etioplasts to 
chloroplasts and the accompanying changes of NEP and PEP-activity. This transition 
can be observed when dark-grown plants become illuminated. Plants that germinate in 
the darkness undergo a specific developmental program, called skotomorphogenesis. 
These etiolated plants display an apical hook that protects the cotyledons and the shoot 
                                                                                                                         Introduction 
 17 
apical meristem from damage while growing through the soil. The hypocotyl is highly 
elongated so that the plant reaches the surface and can perceive light. The cotyledons 
are small and of pale-yellow color, since the light-dependent POR that converts 
protochlorophyllide into chlorophyll is inactive (Reinbothe et al., 1996; Josse and 
Halliday, 2008; Pfannschmidt et al., 2015). Furthermore, etiolated cotyledons possess 
etioplast. Upon perception of light the plantlets switch from skoto-to 
photomorphogenesis. The de-etiolating plants repress the hypocotyl elongation and 
open their cotyledons. The protochlorophyllide becomes converted into chlorophyll, 
resulting in the greening of the plant (Lindsten et al., 1993; von Wettstein et al., 1995; 
Pribil et al., 2014; Pfannschmidt et al., 2015). Furthermore the etioplasts transform into 
chloroplasts, in which the formation of stroma-and grana thylakoids takes place. This 
transition can be already observed after 30 min of illumination (Pogson and Albrecht, 
2011) and is completed after 6-24 h of illumination (Liebers et al., 2017). 
 
Many aspects of the etioplast-to-chloroplast transition during the skoto- to 
photomorphogenesis shift are not yet fully understood. Known so far is that in etiolated 
plantlets the nuclear RNA polymerase Pol II transcribes the RPOTp-gene that codes for 
the NEP (Pfannschmidt et al., 2015). The RPOTp-transcript is translocated to the 
cytosol, translated and imported into the etioplast. There it starts transcribing the RPO-
genes (RPOA, RPOB, RPOC1 and RPOC2) that code for the PEP-core enzyme. The 
PEP in turn will start transcribing photosynthesis genes. However, etioplasts have just a 
basic transcriptional activity and photosynthesis transcripts accumulate only to low 
levels preventing the build-up of the photosynthetic apparatus (Liebers et al., 2017).  
 
Furthermore, the skotomorphogenic program is promoted by an active repression of 
photomorphogenesis (Chen and Chorey, 2011; Li et al., 2011). This is achieved by two 
different pathways: (I) nucleus-located proteins, the so-called phytochrome interacting 
factors (PIFs) bind to G-boxes (CACGTG) of their target genes. The binding of these 
PIFs to their target genes results in their transcriptional repression, which in turn repress 
the running of the photomorphogenesis program (Chen and Chorey, 2011; Leivar and 
Quail, 2011; Li et al., 2011). (II) The master repressor proteins constitutive 
photomorphogenic (COP), de-etiolated (DET), and fusca (FUS) were found to be 
involved in the targeted degradation of photomorphogenesis-promoting genes, such as 
elongated hypocotyl 5 (HY5), HY5-homolog (HYH) and long after far-red light (LAF1) 
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(Sullivan and Deng, 2003; Saijo et al., 2003; Serino and Deng, 2003; Yanagawa et al., 
2004; Yi and Deng, 2005; Zhu et al., 2008).  
 
Both pathways are connected to the action of the phytochromes (PHY), which depict 
a group of red/far-red sensing photoreceptors. PHYs are located in the cytosol in their 
inactive red-light absorbing Pr-form. Upon perception of light the inactive Pr-form is 
transformed into the active far-red sensing Pfr-form and rapidly translocated to the 
nucleus (Sakamoto and Nagatani, 1996; Kircher et al., 1999; Yamaguchi et al., 1999; 
Hisada et al., 2000). The nucleus located Pfr-form seems to form together with 
PAP5/HEMERA/pTAC12 a nuclear phytochrome body that contains e.g. an E3-
ubiquitin ligase (Chen et al., 2010; Chen and Chorey, 2011; Galvao et al., 2012). 
Experiments point out that in illuminated plants, the PIFs locate to the phytochrome 
bodies, where they are phosphorylated and subsequently degraded (Chen et al., 2010; 
Galvao et al., 2012). Furthermore it is suggested that the phytochromes also mediate the 
expression of PIF target genes (Qiu et al., 2015). Moreover, the phytochromes 
inactivate COP/FUS/DET, which results in the transcription of photomorphogenesis 
promoting factors (e.g. HY5, HYH, LAF1) (Li et al., 2011). In turn genes, such as 
chlorophyll a/b binding protein (CAB) are transcribed (Quail, 2002).   
 
Parallel to the process occurring in the nucleus, a number of events are initiated within 
the plastid. The light-dependent POR becomes active upon illumination and converts 
protochlorophyllide into chlorophyll, which together with the lipids 
monogalactosyldiacylglycerol (MGDG) and digalactosyldiacylglycerol (DGDG) 
promote the formation of the thylakoid membranes (Pribil et al., 2014). The expression 
of nuclear-encoded PAPs becomes enhanced, the proteins are imported and assemble 
with the PEP-core into the large PEP-A complex (Pfanschmidt and Link, 1994; Steiner 
et al., 2011; Yagi and Shiina, 2014; Pfannschmidt et al., 2015). This leads to the 
enhanced expression of plastid photosynthesis genes (Liebers et al., 2017) and the 
accumulation of corresponding plastid-encoded photosynthesis proteins. Together with 
the nuclear-encoded proteins this allows the build-up of the complete photosynthetic 
apparatus in the emerging thylakoids as well as a functional RubisCO in the stroma. 
With establishment of the protein complexes for light- and dark reaction the chloroplast 
becomes functional and the plant reaches the autotrophic stage.  
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2 Aims 
This thesis aimed to investigate the spatio-temporal regulation of PAP gene expression. 
The underlying idea was (I) to demonstrate whether (or not) PAP genes are co-regulated 
in planta as implicated by several in-silico analyses and (II) to gain knowledge about the 
transcriptional regulation of the PAP genes in order to get a deeper understanding of the 
build-up of the plastid transcription machinery and, ultimately, chloroplast biogenesis. 
Therefore, biomarkers consisting of the PAP-promoters fused to the reporter gene β-
glucuronidase (GUS) should be designed and stably transformed into Arabidopsis 
thaliana. These GUS lines together with PAP-GFP fusion proteins then should serve as 
tools to address questions concerning the expression pattern and protein localization of 
the PAPs, with a special focus on the enigmatic PAP8. 
  
I  Transcriptional regulation 
 Do the different PAP-genes exhibit a regulon-like expression pattern or do they 
display gene-specific regulation? 
 Are the PAP-genes expressed uniformly all over the plant or are organ and/or 
tissue specific expression patterns recognizable as indicated by in-silico 
analyses? 
 What are the triggers of PAP transcription initiation in germinating seedlings? 
Is the PAP-transcription initiated upon illumination of etiolated seedlings? 
 If PAP genes are expressed as regulon, does exist a common cis-element in their 
promoters, which confers the common regulation? 
 
 
II  Translational regulation and protein localization 
 Are other PAPs beside PAP5/HEMERA/pTAC12 dually localized to the plastids 
and the nucleus as predictions implicate? 
 Does the accumulation of PAP-proteins reflect the transcriptional control level? 
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3 Material and Methods 
3.1 Co-expression analysis 
Data for the co-expression analysis were taken from the eFP-browser 
(http://bar.utoronto.ca), using the data of the developmental series. The dataset 
comprises the expression of genes in 47 different organs or tissues. Expression of each 
gene investigated was normalized to its expression value in the vegetative rosette (Supp. 
Fig. 1). Additionally the dispersion of the mean expression value of a particular gene to 
the mean expression of the PAP genes was calculated using the equation 
Log10(1/N*(xi-xgene)2), where “xi” is defined as mean expression of the PAP genes 
within an organ or tissue and xgene as expression of the particular gene within the 
according organ/tissue. Photosynthesis genes were manually chosen, in order to obtain 
at least one gene out of each complex (PSI, PSII, LHCs, plastocyanin, cytochrome b6f, 
water splitting complex, ATPase, RubisCO, NADH dehydrogenase). Random chosen 
genes were selected with RSAT-random gene selection 
(http://floresta.eead.csic.es/rsat/random-genes_form.cgi), where an individual number 
of random chosen genes of a selected organism, here A.t., can be listed. 
 
3.2 Predictions of cis-elements in putative promoter regions and potential 
transcription factors 
The regulatory element was predicted by MEME (http://meme-suite.org/tools/meme; 
Bailey et al., 1994), using 99 bp upstream of the TIS of PAP8. This region was chosen, 
because the truncated version P8-99 still displayed transcriptional activity, while P8+1 
did not (Fig. 12 C). Thus, the 99 bp upstream region of the TIS must contain an 
essential regulatory element. Potential transcription factors binding to the consensus 
sequence of the predicted element were identified with Tomtom (http://meme-
suite.org/tools/tomtom; Gupta et al., 2007). The databases used for motif search were 
Franco-Zorilla et al., 2014 and O’Malley et al., 2016. In order to identify regulatory 
elements within the promoter regions of PAP1-10, FIMO (http://meme-
suite.org/tools/fimo; Grant et al., 2011) was used. The threshold in all searches was set 
to 0.002. 
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3.3 Plant material and growth conditions  
The wild type Arabidopsis thaliana, ecotype Columbia-0 (SALK 6000) was used for 
stable transformations. For selection of promoter lines, developmental series and 
histological cuts plants were grown on ½ MS media, 1% sucrose and 0.8% agar. Seeds 
were imbibed and stratified for 2 d at 4°C, before growth at 21°C for 3 d in darkness. 
Afterward plants were transferred to continuous white light (~30 µE) for the time 
indicated in the according experiment. Cultivation on soil: For the GUS-assay of 
rosette plants, flowers and embryos, seeds were sown on soil and grown at 21°C, ~70 
µE and 60 % humidity under long day conditions (8h night/16h light). In vitro 
cultivation of pap8-1: The pap8-1 mutant segregates 1:3 according to the Mendelian 
laws of inheritance. In order to assure the presence of homozygous plants ~10 imbibed 
seeds of the heterozygous pap8-1 mutant were spread per sterile plastic box, containing 
½ MS-media with 3% sucrose. The seeds were stratified for 2 d at 4°C and then 
transferred to continuous white light (~10 µE) at 21°C for 7 d. Then plants were shifted 
to short day conditions (8 h light/ 16 h darkness) in the same light until robust rosette 
plants were developed. Afterwards plants were shifted to long day conditions (16 h 
light/ 8 h darkness) in order to induce the flowering.  
 
3.4. Cloning  
3.4.1 Cloning of the promoter regions 
The promoter regions were amplified from gDNA of A.t. Col-0, using the following 
primers:  
 
The PCR was carried out with the Phusion® High-Fidelity DNA Polymerase (New 
Englang Biolabs), followed by an A-tailing with the Taq-Polymerase for 5 min at 75°C 
promoter forward primer reverse primer 
PAP1 5’-gagctctggttgtgaccacatttcttgc-3’ 5’-gaggaacaagagtgccatggtttttttgcc-3’ 
PAP2 5’-gagctcttgtgtttccttgaagcgtc-3’ 5’-ccatgggtaactagagttcacataagg-3’ 
PAP3 5’-gagctcacgatcctctctccgtctac-3’ 5’-ccatggttcattcgtcactcttcaggg-3’ 
PAP4 5‘-gagctctaggtaagatgattaaatcgac-3’ 5’-ccatggttcctcccactgttgtcg-3’ 
PAP5 5’-gagctcgccacttgtgagattctgttc-3’ 5’-ccatggacactctttctacttctcactgtatc-3’ 
PAP6 5’-gagctctcagaatcagggaaagagagtg-3’ 5’-ccatggatgggtttttgacaccactgtc-3‘ 
PAP7 5’-gagctcagcttaccacatcacatctcacc-3’ 5’-ccatggctcaacagaagaaaatgggtttagc-3’ 
PAP8 5’-gagctccgtttcaatctctactggatgc -3’ 5’-ccatgggaagcggataaagctcacagag-3’ 
PAP9 5’-gagctcacaaagatgacagaagggaagcag-3’ 5’-cagtaacgctttgagtgaccatgg-3’ 
PAP10 5’-gagctctgcgttcctctaacttccag-3’ 5’-ctcgagtggaaatcgatttctgcttcaaaatg-3 
XPO1b 5’-aagccatcgtcttccgctatcg-3’ 5’-ccatggcggagaggatgcgcaaattct-3’ 
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(Promega). The PCR-products were purified according to the manufacturer’s 
instructions (Geneclean® III kit), followed by cloning first into the pGemT-vector 
system (Promega) and in a second step into a binary vector, deriving from pArt27.  The 
promoter is in transcriptional fusion to the open reading frame of the β-glucuronidase. 
The vector contains a resistance against spectinomycin for the selection in bacteria and 
a resistance against hygromycin for the selection in plants.  
 
3.4.2 Truncated promoter versions of PAP5 and PAP8 
The truncated versions were designed based on the assumption that the cis-elements that 
were predicted by a FIRE analysis (Supp. Tab. 1; Fig. 4) are true regulatory elements of 
PAP expression. Therefore, truncated versions were designed that either still contained 
the cis-element (P5-553, P5-143, P8-909 and P8-729) or missed the cis-element (P5-99, 
P8-497, P8-257, EcoRV/HindIII). Since the GUS-expression was not disturbed in P8-
257, further truncations were made removing the 5’UTR of the upstream gene or the 
whole promoter region until the TIS (P8-97 and P8+1). The cloning procedure was 
performed as described in section 3.4.1. The following primer were used for 
amplification:  
promoter forward primer reverse primer 
P5-1344 oFPAP5 5’-gagctcgccacttgtgagattctgttc-3’ oRPAP5 5’-
ccatggacactctttctacttctcactgtatc-3’ 
P5-553 oP5_midF 5’-caattgccatt cacgttggg-3’ 
oP5_R
Nco 
5’-
ccatggacactctttctacttctcactgtatc-3’ 
P5-143 oP5_F143S 5’-gagctcgttaaagcccaagagagac-3’ 
P5-99 oP5_F99S 5’-gagctccattaata ctgggccttag-3’ 
P8-1133 oFPAP8 5’-gagctccgtttcaatctctactggatgc -3’ oRPAP8 5’-
ccatgggaagcggataaagctcacagag-3’ 
P8-909 oP8_F257S 5’-gagctccattgcaactatgtgaacc-3’ 
oP8_R
Nco 
5’-
ccatgggaagcggataaagctcacagag-3’ 
P8-729 oP8_F729S 5’-gagctcgtcagagagcaataacaacag-3’ 
P8-497 oP8_F497S 5’- gagctcggtgcaattcgaaactc-3’ 
P8-257 oP8_F257S 5’-gagctctaataattcgggtcgggtcg-3’ 
P8-97 oP8_F97_S 5’-gagctcatgacgctcttaattatttcc-3’ 
P8+1 oP8_F1_S 5’-gagctcatttttcctcgaaatatctaatcc-3’ 
P8m3 oP8_F97mx3 5’-gagctcataaaactcttaattatttcc-3’ 
 
EcoRV/HindIII was designed by digestion of pBB304e (P8-1133) with EcoRV/HindIII 
and a subsequent re-ligation. 
 
3.4.3 Cloning of the open reading frames for confocal imaging  
The PHYB:GFP construct (pRB1637) was provided by Robert Blanvillain. The open 
reading frames of the PAPs were amplified from cDNA using the following primer: 
orf forward primer reverse primer 
PAP4 5‘-ctcgagatgagttcttgtgttgtgacgacaagc-3’ 5’- ggatccccagcgattgggatgttg ggttcacc-3’ 
PAP8 5’-ctcgagccatggcgtcttccgccgcttctcc-3’ 5’-ggatccaagaaccaatttgagacactgaagtctcg-3’ 
PAP10 5’-ctcgagatggctcttgttcaatccagaac-3’ 5’-ggatcccccatctcgttgtcaatgatat cgtgc-3 
PAP12 5’-ctcgagatgg cttccttcacctgttcttctcc-3’ 5’-ggatccccagtgtagtactccaacaaatagcc-3’ 
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The deletion versions of PAP8 were prepared the following: 
orf forward primer reverse primer 
PAP8
ΔcTP 
oPAP8cTP_
FXho 
5’-
ctcgagatggctgatggaggtggagcgg-
3’ 
oPAP8_
RBHI 
5’-
ggatccaagaaccaatttgagacactgaagtctc
g-3’ 
PAP8
ΔNLS 
oPAP8orf_F
XN 
5’- 
ctcgagccatggcgtcttccgccgcttctcc 
3’ 
oPAP8
NLS_
PmlI 
5’-cacgtgcggaactgtcaccagaac-3’ 
For the generation of PAP8ΔNLS, the vector, containing the full length of PAP8 open 
reading frame was digested by XhoI/PmlI and re-ligated with the amplicon of 
PAP8ΔNLS.  
 
For the generation of PAP8ΔcTP/ΔNLS, the vector, containing the full length of PAP8 
open reading frame was digested by XhoI/PmlI and re-ligated with the amplicon of 
PAP8ΔcTP/ΔNLS.  
 
3.4.4 Cloning of the open reading frames for ISH experiments 
orf forward primer reverse primer 
PAP5
cTP 
oPAP5_
FNco 
5’-ccatgggcacagacagtggaaagtccag-
3’ 
oPAP5_
RNot 
5’-
gcggccgcaggatcagtctcctcttcaaagtcc-3’ 
PAP8
cTP 
oPap8_
FNco 
5’-
ccatgggcgctgatggaggtggagcggacg-
3’ 
oPap8_
RNot 
5’- 
gcggccgcgaaccaatttgagacactgaagtctcg
-3’ 
 
The amplicons were cloned into the pGemT-vector system (Promega) and sequenced. 
The plasmids were further digested ApaI/NotI and cloned into pBSKII.  
 
3.5 Plasmid amplification in DH5 
The plasmids were amplified, using the thermo-competent E.coli strain DH5. Liquid 
cultures of the transformed bacteria were centrifuged for 10 min at 4000xg and the 
plasmids were isolated from the sediments using the QIAprep Spin Miniprep Kit from 
Qiagen, following the manuals instructions. 
 
3.6 Transient transformation of onion cells 
Gold Carrier Particles (Seashell technology) were coated with 1µg of the binary vector 
and 1µg of an internal control. Gold particles were delivered to the onion cells using a 
particle gun (BioRad). The transformed cells were allowed to express the construct for 
24 h before GUS staining or fluorescence microscopy.  
orf forward primer reverse primer 
PAP8
ΔcTP/
ΔNLS 
oPAP8ctp_
FXho 
5’-
ctcgagatggctgatggaggtggagcgg-
3’ 
oPAP8
NLS_
PmlI 
5’-cacgtgcggaactgtcaccagaac-3’ 
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3.7 Stable transformation of Arabidopsis thaliana Col-0 
Arabidopsis thaliana Col-0 was transformed using the electro-competent 
Agrobacterium tumefaciens strain C58C1 pMP90. The plant DNA was isolated by a 
rapid DNA extraction method. Therefore, the tissue was ground in Eppendorf-tubes, 
using small pestles and mixed with 400 µl of extraction buffer (200 mM Tris/HCL 
pH7.5; 250 mM NaCl; 25 mM EDTA and 0.5 % SDS). After centrifugation for 5 min in 
an Eppendorf table centrifuge (5415R) at max speed, the supernatant was pipetted on 
equal volume of isopropanol and centrifuged for 10 min at max speed. The sediment 
was rinsed with 750 µl of 80 % ethanol and air dried, before resuspension in 50 µl of 
water.  
 
3.8 Hygromycin selection 
The wild type Arabidopsis thaliana, ecotype Col-0  (T0-generation) was transformed 
using the electro-competent Agrobacterium tumefaciens strain C58C1 pMP90. Seeds of 
the T0 generation (T1 generatoin) were harvested and grown on ½ MS-media, 
containing 1% sucrose, 0.8% agar, 30 µg/ml hygromycin. Seeds were imbibed and 
stratified for 2 d at 4°C, before growth at 21°C in far-red enriched light (Wagner et al., 
2008) for 7 days, followed by a transition for 3 weeks to WL (30 µE). Hygromycin-
resistant plants exhibited hypocotyl elongation, while hygromycin-sensitive plants 
stayed small. Resistant plants were transferred on soil and grew at 21°C, ~70 µE and 60 
% humidity under short day conditions (8 h night/16 h light). After around 3 weeks of 
growth on soil hygromycin-resistant plants were genotyped and one leaf of the rosette 
plant was used for the GUS-assay (Fig. 5, Supp. Tab. 2). The seeds of the T1 generation 
(T2 generation) were then collected and grown on ½ MS-media, containing 1% sucrose, 
0.8% agar, 30 µg/ml hygromycin. Lines that displayed ~75% hygromycin resistance 
were transferred on soil and genotyped. Furthermore, plants of these lines were applied 
for GUS-assay (Tab. 2, Fig. 6). The seeds of the T2 generation (T3 generation) were 
then selected and checked for a 100% hygromycin-resistance. These lines were 
homozygous for the insertion and thus used for the expression analyses (section 4.2). 
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3.9 Genotyping of the transformants and the SALK-mutant 
3.9.1 Genotyping of the promoter::GUS constructs 
Genotyping was carried out using the forward primer, that where used for the cloning 
and the reverse primer oGUS-J. Due to the size of the promoter region of PAP5 
additional primers within the amplicon were used to assure a strong amplification of the 
product. The promoter region of PAP9 was only partially amplified: 
 
3.9.2 Genotyping of pap8-1 
During a practical the student Kévin Pounot verified that the pap8-1 
(Salk_024431/N524431) mutant is a real knockout by PCR using the following pimers: 
 
The PCR-analysis revealed that pap8-1 carried two T-DNAs that are both inserted in 
the first intron in a reverse orientation. Furthermore due to the T-DNA insertion 
occurred a deletion of 3 bp of the intron and 11 bp of the second exon (Supp. Fig. 7 A). 
These findings were confirmed by sequencing.  
 
3.9.3 Genotyping of the complementation lines 
amplicon forward primer reverse primer 
pPAP8::GUS ortpF 5’-gagctccgtttcaatctctactggatgc -3’ oE3R 5’- tagtcactcattgcacatcg-3’ 
T-DNA ortpF 5’-gagctccgtttcaatctctactggatgc -3’ oLBb1.3 5’-attttgccgatttcggaac-3’ 
homozygosity 
for T-DNA 
ortpF 5’-gagctccgtttcaatctctactggatgc -3’ op8i2_R 5’-aaggaagtctcagaacaacgc-
3’ 
 
promoter forward primer reverse primer 
PAP1 oFPAP1 5’-gagctctggttgtgaccacatttcttgc-3’ 
oGUS-J 5’-tcacgggttggggtttctac-3’ 
PAP2 oFPAP2 5’-gagctcttgtgtttccttgaagcgtc-3’ 
PAP3 oFPAP3 5’-gagctcacgatcctctctccgtctac-3’ 
PAP4 oFPAP4 5‘-gagctctaggtaagatgattaaatcgac-3’ 
PAP5 oFPAP5 5’-gagctcgccacttgtgagattctgttc-3’ oPAP5midR 5’-gtacttcagcgtgtgtacg-3’ 
 oPAP5midF 5’-caattgccattcacgttggg-3’ 
oGUS-J 5’-tcacgggttggggtttctac-3’ 
PAP6 oFPAP6 5’-gagctctcagaatcagggaaagagagtg-3’ 
PAP7 oFPAP7 5’-gagctcagcttaccacatcacatctcacc-3’ 
PAP8 oFPAP8 5’-gagctccgtttcaatctctactggatgc -3’ 
PAP9 omidF 5’-tccgttgtctcatcatatgc-3’ 
PAP10 oFPAP10 5’-gagctctgcgttcctctaacttccag-3’ 
amplicon forward primer reverse primer 
PAP8 ortpF 5’-tggtggtgatggagatatcg-3’ ortpR 5’-tttgagacactgaagtctcg-3’ 
T-DNA ortpF 5’-tggtggtgatggagatatcg-3’ oLBb1.3 5’-attttgccgatttcggaac-3’ 
T-DNA oLBb1.3 5’-attttgccgatttcggaac-3’ oE3R 5’- tagtcactcattgcacatcg-3’ 
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3.10 RNA isolation and reverse transcription PCR  
For RNA isolation 1 g of Col-0 seeds were imbibed and stratified on ½ MS-media. 
Plants were grown as described above. Samples were collected at the different time-
points, ground in liquid nitrogen and resuspended in 500 µl trizol. After ~2 h 
incubation, 100 µl chloroform were added, the mixture was vigorously mixed, 
incubated for 2 min and centrifuged for 15 min at 4°C maximum speed. The aqueous 
phase was mixed with equal volume isopropanol and RNA was precipitated for 10 min 
at room temperature, before centrifugation for 15 min at 4°C maximum speed. The 
sediment was rinsed with 80% ethanol, vacuum dried and resuspended in 100 µl water. 
The RNA was treated with the Roche-DNase (Promega) according to the 
manufacturer’s instructions. The DNase was removed by phenol-chloroform extraction 
and the pure RNA was reverse transcribed into cDNA using the SuperScript® III 
Reverse Transcriptase (Invitrogen), following the manufacturer’s instructions. The 
absence of DNA in the samples was tested by PCR: 
amplicon forward primer reverse primer 
EF1 5’-caggctgattgtgctgtt cttatcat-3’ 5’-cttgtagacatcctgaagtggaaga-3’ 
 
3.10.1 Primer for RT-PCR of PAP genes 
 
The obtained bands of the agarose-gel were quantified using ImageJ. Relative transcript 
levels were calculated by division of the PAP-expression values by the values obtained 
for EF1.  
 
 
 
name forward primer reverse primer 
PAP1 5’-atgtcactcttgttcctcaatcc-3’ 5’-agctcctttctcagcgagtgc-3’ 
PAP2 5’-ggacttcacgaagatgctagg-3’ 5’-ccactatctgccaatttgag-3’ 
PAP3 5’-gatggaagctaaagcaagagg-3’ 5’-gtctgtcaagacttgagtaccg-3’ 
PAP4 5’-atgagttcttgtgttgtgacgac-3’ 5’-agcgattgggatgttgggttcac-3’ 
PAP5 5’-acgaagtatccgattctgagg-3’ 5’-ttgtcgggtaaactggatcc-3’ 
PAP6 5’- gcttcggagctgtacagaagg-3’ 5’-aggagacgtcaacacttctg-3’ 
PAP7 5’-cattaactcgactgatcctg-3’ 5’-cagcatgcgatctttaggacg-3’ 
PAP8 5’-tggtggtgatggagatatcg-3’ 5’-tttgagacactgaagtctcg-3’ 
PAP9 5’-atgatgaatgttgcagtgacagc-3’ 5’-agaggattaacggcatttgc-3’ 
PAP10 5’-atggctcttgttcaatccagaac-3’ 5’-ctcgttgtcaatgatatcgtgc-3’ 
HY5 5’-atgcaggaacaagcgactagctc-3’ 5’-ccaactcgctcaagtaagc-3’ 
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3.10.2 RT-PCR on NEP and PEP dependent genes 
Reverse transcription for NEP and PEP-dependent genes was performed following the 
manufacturer’s instructions. The cDNA synthesis was performed using a mixture of all 
reverse primers that were later on used for the amplification of the cDNA. To this end 1 
µl of a 10 pmol solution of opsaA_R, opsbA_R, opsbK_R, orbcL_R, oclpP_R, 
ondhB_R, oaccD_R, orpoA_R, orpoB_R, o18S rRNA_R and oEF1R were combined 
and filled up with water to 20 µl. 1 µl of the mixture was used for the reverse 
transcription. The following primer were used for the RT-PCR: 
 
3.10.3 Primer for RT-PCR of the ISH   
In order to test whether a truncated PAP8-mRNA was expressed in the pap8-1 mutant 
background the following primer were used on cDNA of Col-0 and pap8-1: 
amplicon forward primer reverse primer 
PAP8 oE3F 5’-atgtgcaatgagtgactatgg-3’ ortpR 5’-tttgagacactgaagtctcg-3 
  
 
3.11 GUS staining 
Samples were treated with acetone for 15 min. After a rinse with rinse buffer (25 mM 
phosphate buffer pH 7, 0.25 % Triton X 100, 0.25 mM EDTA) samples were 
transferred for 10 min to the GUS staining solution (25 mM phosphate buffer, 0.25 % 
Triton X 100, 0.25 mM EDTA, 1.25 mM K4[Fe(CN)6] and 1.25 mM K3[Fe(CN)6]) 
before vacuum infiltration in the GUS staining solution containing 2 mM  X-gluc. The 
staining was carried out at 37°C and stopped with 70% EtOH.  
 
 
 
gene forward primer reverse primer 
PSAA 5’-tgagtgctttagggcgtcc-3’ 5’-ctactttgccacccactgc-3’ 
PSBA 5’-gcgtccttggattgctgttgc-3’ 5’-ccaaggaaccatgcatagc-3’ 
PSBK 5’-agtcgccaaattgccagagg-3’ 5’-ggcttgccaaacaaaggctaa-3’ 
RBCL 5’-ttggcagcattccgagtaactcct-3’ 5’-ctggtaagcccatcggtcc-3’ 
CLPP 5’-ggaggagcaattaccaaacg-3’ 5’-gcttgggcttctgttgctgac-3’ 
NDHB 5’-gatctaatgaggctactatg-3’ 5’-caagagaaaccatgaaccaga-3’ 
ACCD 5’-gaaggttcacaagcggctg-3’ 5’-gaaataactcgctcagaacac-3’ 
RPOA 5’-tgcgatgcgaagagctttac-3’ 5’-caatgatttccacagcggg-3’ 
RPOB 5’-gcgaaagaatcctcctatgc-3’ 5’-ccacctcacatcaataactc-3’ 
18S rRNA 5’-aaaccccgacttatggaagg-3’ 5’-cgaaccctaattctccgtca-3’ 
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3.12 Luciferase assay 
Plants were grown on ½ MS media, 1% sucrose and 0.8% agar. Seeds were imbibed 
and stratified for 2 d at 4°C, before growth at 21°C in darkness for 3 days, followed by a 
transition for 4 h to WL (30 µE). Cotyledons were sprayed with 0.01% Trition X-100; 
0.1 mM luciferin and incubated for 5 min at room temperature wrapped in aluminium 
foil. The measurement was performed using a Luciferase camera and the MetaVue™ 
Imaging System.  
 
3.13 Seed staining and clearing  
Siliques of different ages were selected, seeds separated and stained with GUS. After 
stopping the reaction with 70% EtOH, the seeds were incubated for 1 h with 100 % 
EtOH/acidic acid (1:1). The pre-treated seeds were than transferred on a microscopic 
slide and incubated over night with HOYER’s solution (7.5 g arabic gum, 100 g chloral 
hydrate, 5 mL glycerol and 60 mL water) 
 
3.14 Histological cuts and in situ hybridization 
Histological cuts were performed according to Ambrose et al., 2000 with the following 
changes: After the GUS staining and the ethanol serie (70%, 85%, 95%, 100%, 100%), 
cotyledons were stained in 0,1% Eosin/ 100% EtOH for 20 min. The EtOH:Histoclear 
steps were carried out for 20 min. The histoclear:paraplast mix was exchanged 6 times 
(2x/day) with 100% molten paraplast before pouring paraplast solution containing the 
tissues into weighing boats.. The sections sliced on the microtome had a thickness of 7 
µm, before adding 50% glycerol and covering with a cover slip. In situ hybridization 
(ISH): The ISH was performed according to Carles et al., 2010. Fixation and 
dehydration steps were done at 4°C and gentle agitation. The dehydration of the 
samples occurred in a graded ethanol series (30%, 40%, 50%, 60%, 70%, 85%, 95% 
and 100%) with an incubation time of 1 h per step. Samples were then stained with 
0.1% Eosin/ 100% EtOH for 20 min. RNA probes were prepared as followed: PAP8-
antisense: the pBSKII-vector containing PAP8 was digested with EcoRV and the 
linearized plasmid was than amplified using the T3 RNA polymerase. PAP5-antisense: 
the pBSKII-vector containing PAP5 was digested with ApaI and the linearized plasmid 
was than amplified using the T3 RNA polymerase. PAP5-sense: the pBSKII-vector 
containing PAP5 was digested with NotI and the linearized plasmid was than amplified 
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using the T7 RNA polymerase. PAP5 sense and antisense RNA probes were hydrolysed 
for 75 seconds. The anti DIG-antibody was diluted 1:500. 
 
3.15 Fluorescence microscopy for the determination of protein localization 
Onion peels were transiently transformed as described above (section 3.6). After 24 h 
of expression in darkness at room temperature, the epidermal layer was pulled of, 
placed on a microscopic slide and applied to imaging. The imaging was performed 
using a Nikon AxioScope microscope equipped with an AxioCam MRc camera. The 
Nikon’s Zen software was used for picture acquisition. Stably transformed A.t. T1 
plants were used for confocal imaging. Seeds were imbibed and stratified for 72 h at 
4°C and 24 h illuminated with far-red enriched light (Wagner et al., 2008) at 21°C. 
Cotyledons were kept for 72 h in darkness at 21°C and than either kept for another 24 h 
in darkness or shifted for 24 h to continuous WL (~30 µE) before the imaging. Confocal 
images were obtained at the BIG imaging facility using the laser scanning spectral 
confocal microscope Leica TCS SP2. DAPI (5 µg/ml DAPI; 1% saponine) and 
propidium iodide (50 µg/ml PI) were vacuum-infiltrated for 8 min and incubated for 5 
min, before rinsing and confocal imaging. 
 
3.16 Western-immuno blot analysis 
1 g of Arabidopsis thaliana Col-0 seeds were plated on ½ MS-media, imbibed and 
stratified for 72 h at 4°C and transferred for 24 h to far-red enriched light (Wagner et 
al., 2008) at 21°C. The seeds were placed for 72 h in darkness at 21°C to induce 
skotomorphogenesis, followed by 24 h illumination with continuous WL (~30 µE). 
According to Chen et al., 2011, plantlets were homogenized in ~6 ml of the grinding 
buffer (50 mM HEPES/KOH pH 7.3; 0.33 mM Sorbitol; 0.1% BSA; 1 mM MnCl2; 2 
mM EDTA). The homogenate was filtered through a nylon mesh with a mash size of 50 
µE and centrifuged at 1000xg for 5 min. The sediment was resuspended in 1 ml of the 
grinding buffer, layered on a 2-step percoll gradient of 80% (bottom layer) and 40% 
(top layer) (GE Healthcare Life Sciences) and centrifuged for 10 min at 1500xg. 
Extraction of nuclei: The bottom fraction (~600 µl), enriched in nuclei was 
resuspended in nucleus extraction buffer (100 mM MOPS, pH 7.6; 5% Dextran T-40; 
2.5% Ficoll; 0.25 M sucrose; 40 mM -mercapotethanol; 10 mM MgCl2; 1 pill of 
cOmplete™ protease inhibitor cocktail (Roche)). The suspension was stirred for 10 min 
on ice with 0.5% of Triton x-100 added, in order to destroy organelles other than the 
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nucleus. Afterwards the suspension was centrifuged for 10 min at 3800xg and the 
sediment was washed in the nucleus extraction buffer, containing 0.1% Triton x-100 
until the suspension was white. The nuclei were resuspended in 75 µl of the nucleus 
extraction buffer. Chloroplast-extraction: The green, chloroplast-containing fraction 
was washed with the grinding buffer in order to remove the percoll. The chloroplast-
enriched fraction was resuspended in 75 µl of the grinding buffer. 30 µl of the samples 
were mixed with 5x sample buffer (75 mM Tris/HCL pH 6.8; 15 % glycerol; 20% SDS; 
0.5% -mercapotethanol; 0.01% bromophenol blue), heat degenerated for 10 min at 
90°C and loaded on a 12.5% denaturing SDS polyacryl-amide gel and 
electrophoretically separated for 2-3 h at 120 V. The western transfer to the ProtranTM 
nitrocellulose membrane (GE Healthcare) occurred for 80 min at 100 V in a wet-blot 
chamber. Afterwards the membrane was gently agitated over night at 4°C in blocking 
solution (5% fat-free milk powder/1xTBS-T (25 mM Tris; 125 mM NaCl; 0.1 % Tween 
20; pH 7.5)). The blot was incubated for 2 h at room temperature with the primary 
antibody (anti RBCL (Agrisera) or anti-PAP8 (produced by ProteoGenix); dilution 
1:5000 solved in 1% milk powder/1xTBS-T) by gentle agitation. Afterwards the 
membrane was washed 3 times for 10 min with TBS-T and then incubated for 2 h at 
room temperature with the secondary antibody (anti-rabbit IgG horse radish peroxidase 
conjugated, (Jackson ImmunoResearch), dilution 1:5000 in 1% milk powder/1x TBS-
T). The blots were washed 2 times for 10 min with TBS-T and 1 times for 10 min with 
TBS. For the signal detection with enhanced chemiluminescence (ECL), the membrane 
was developed for 1 min with Clarity Western ECL substrate (Bio-Rad, Hercules, 
USA). Images of the blots were obtained using a CCD imager (Chemidoc MP, Bio-
Rad) and the program Image Lab (Bio-Rad, Hercules, USA). Exposure time was 34 
seconds for the anti-PAP8 antibody and 1 second for the anti RBCL-antibody. For the 
Coomassie-staining the SDS-gel was gently agitated for 2 h at room temperature in 
Coomassie staining solution (0.5% Coomassie brilliant blue R-250 (Sigma), 20% 
ethanol, 10% acetic acid) and de-stained by shacking 1 h in strong de-staining solution 
(7% acetic acid; 40% ethanol) and over night at room temperature, using the light de-
staining solution (10% acetic acid; 10% ethanol; 5% glycerol). 
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4 Results 
4.1 Construction and characterization of pPAP::GUS lines  
4.1.1 In-silico analyses of PAP gene expression 
Biochemical data strongly suggest that assembly of PAPs into to a PEP-PAP complex 
occurs in a light-dependent manner during etioplast-to-chloroplast transition. This 
transformation is rapid, with first signs of thylakoid formation after 30 min of 
illumination and becomes fully accomplished after 16-24 h (Pogson and Albrecht, 2011; 
Liebers et al., 2017). However, the precise time-course remains unknown. Based on 
mutant analyses, a lack of any PAP protein in the PEP-A complex causes severe 
problems resulting in the complete arrest of chloroplast biogenesis, leading to albino 
phenotypes and subsequent seedling lethality (Pfalz et al., 2006; Myouga et al., 2008; 
Arsova et al., 2010; Chen et al., 2010; Gao et al., 2011; Steiner et al., 2011; Galvao et 
al., 2012; Gilkerson et al., 2012; Yagi et al., 2012; Pfalz and Pfannschmidt, 2013; Yu et 
al., 2013; Wimmelbacher and Börnke, 2014). Thus, the PEP complex formation and the 
subsequent setup of a functional chloroplast require a tight, light-dependent regulation 
of the PAPs, which let surmise a transcriptional co-regulation of the PAPs. This 
hypothesis was strengthened by in-silico co-expression analysis of PAP genes based on 
databases searches (Steiner et al., 2011). In order to study the expression profiles of 
PAP genes in more detail, expression data from the eFP-browser using data from the 
developmental series were analyzed. The dataset comprised the PAP expression in 47 
different organs or tissues covering stages throughout the whole life cycle of a plant, 
e.g. seeds, cotyledons, rosette leaves, cauline leaves, flowers and pollen. For each PAP 
gene the expression value of the vegetative rosette was used for normalization. For each 
organ considered, the mean expression of all PAP genes (PAP1-11) and the standard 
deviation was plotted, in order to obtain organ/tissue specific expression profiles 
(Pfannschmidt et al., 2015). A more detailed expression profile can be seen in the 
supplement (Supp. Fig. 1). The patterns displayed high similarity among the PAP 
genes: strong expression was found for all genes in the imbibed seeds, young leaves, the 
vegetative rosette and in the shoot apex, while lowest expression was found in roots, 
flowers (petals, sepals, stamen) and the mature pollen.  
 
Additionally, the dispersion of the overall expression of each PAP gene from the mean 
PAP-expression was calculated. The calculation is based on the formula for the standard 
deviation. To this end the squared difference of the expression value of a gene (e.g. 
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PAP1) from the mean expression of all PAP gene within a particular organ was 
calculated, given by the equation (xi-xgene)2. Per gene of interest the squared difference 
was calculated for all 47 organs. The sum of all 47 “differences”, divided by the number 
of samples depicts the variance. The mean of all variances that were computed per PAP 
gene (Fig. 3, blue rectangles) were plotted on a logarithmic scale. Comparable 
procedures were applied for three other groups that were designated SIGMA FACTOR 
genes (orange rectangles), PhANGs (PHOTOSYNTHESIS ASSOCIATED NUCLEAR 
GENES, green rectangles) and random chosen genes (red rectangles), whose expression 
were compared to the PAP mean expression (Fig. 3).  
Figure 3: Co-expression analysis. Based on the expression values available on the eFP Browser the 
dispersion of single genes (1-11: PAP 1, 2, 3, 4, 5, 6, 7, 8, 9, 10 and 11; 12-17: SIGMA FACTOR 1, 2, 3, 
4, 5 and 6; 18-29: PSAF, PETE1, LHCB1.2, CP26, PSB27, ATPC2, RBCS, PETC, PSAD, OXYGEN 
EVOLVING COMPLEX SUBUNIT 23, NADH DEHYDROGENASE, PSBW; 30-43: PSEUDOGENE -
similar to putative helicase, CW7, CARDIOLIPIN SYNTHASE, XANTHINE/URACIL PERMEASE 
FAMILY PROTEIN, MANNOSE-BINDING LECTIN SUPERFAMILY PROTEIN, COX19-LIKE CHCH 
FAMILY PROTEIN, PSEUDOGENE, LONG-CHAIN ACYL-COA SYNTHETASE 4, LEUCINE-RICH 
REPEAT PROTEIN KINASE FAMILY PROTEIN, COPIA-LIKE RETROTRANSPOSON FAMILY, U-BOX 
DOMAIN-CONTAINING PROTEIN KINASE FAMILY PROTEIN, BEL1-LIKE HOMEODOMAIN 10, 
POLYNUCLEOTIDYL TRANSFERASE-RIBONUCLEASE H-LIKE SUPERFAMILY PROTEIN, unknown 
protein) from the mean expression of the PAP genes was calculated using the equation Log10(1/N*(xi-
xgene)2), where “xi” is defined as mean expression of all PAP genes within an organ or tissue and xgene as 
expression of one particular gene within the according organ/tissue. The single genes were grouped into 
PAP genes (blue rectangles), SIGMA FACTOR genes (orange rectangles), PhANGs (PHOTOSYNTHESIS 
ASSOCIATED NUCLEAR GENES; green rectangles) and random chosen genes (red rectangles).  
 
The rather small deviation of any PAP from its mean suggests that PAP genes share a 
homogenous expression pattern among themselves (blue rectangles). The PhANGs 
(green rectangles) display also homogenous expression patterns, although the dispersion 
from the mean is higher than that of the PAP genes themselves. This indicates that the 
chosen PhANGs are similarly regulated and may depend on the PAP regulation itself. In 
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contrast the SIGMA FACTOR genes (orange rectangles) and the random chosen genes 
(red rectangles) highly diverge from the mean and among themselves, except for 
SIGMA FACTOR 6 that is as close as PAP8 to the canonical PAP-expression pattern, 
indicating that SIG6 could be part of the PAP regulon. Taken together these results 
support the assumption that PAP genes are temporally and spatially co-expressed.  
 
4.1.2 Generation and functional tests of the promoter::GUS constructs  
In order to test a potential co-regulation of the PAP genes in vivo and to generate PAP 
biomarker lines, the putative promoter regions from PAP1 to PAP10 were cloned and 
fused to the reporter gene -glucuronidase (GUS). PAP11 and PAP12 were omitted 
from this analysis because they were not initially identified in the PEP-A complex 
(Steiner et al., 2011).  
Figure 4: PAP-promoter structures and functional test of the corresponding promoter::GUS 
constructs. A Representation of the chosen promoter regions of PAP1 to PAP10. The annotations are 
according to TAIR. Dark grey: upstream genes with introns (lines) and exons (boxes). The arrows 
indicate the orientation of the upstream gene. Light grey: untranslated regions (UTRs; boxes) with 
intronic regions (lines). “Plus”: transcription initiation start (TIS). Triangle: cis-element with the core 
sequence HMWAGCTCV that was found either on the forward strand (white triangles) or on the reverse 
strand (grey triangles). The black bar at the top represents 100bp. pXPO1b is ubiquitously expressed and 
serves as a positive control for strong expression. The promoter regions are displayed in 5’-3’ orientation. 
The promoter regions were directly fused to the -glucuronidase, without the open reading frame of the 
PAP gene. B and C Transcriptional activity of the promoter::GUS constructs in transient assays. Onion 
cells were co-transformed with one promoter::GUS construct and an internal control expressing GFP 
(pKar6). 24 h after the bombardment, the region of the onion peel with cells expressing GFP was 
identified and a GUS-assay was performed. Onion epidermal cells transformed with pPAP::GUS were 
stained for 72 h, peels expressing pXPO1b::GUS were stained for 3 h. B Representatives of 2 
independent experiments are depicted. C Quantity of transformed cells was calculated by the numbers of 
cells showing GUS-expression, divided by the number of cells showing GFP (NGUS/NGFP) within a 
particular region of the onion peel. The experiment was performed once.  
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Based on a FIRE-algorithm analysis performed by the group of Prof. Dr. Klaus F.X. 
Mayer (Helmholtz Centre, Munich), a potential cis-element was found that was highly 
enriched in the PAP promoter regions: HMWAGCTCV. It is present in 11 out of the 12 
PAP promoters on the forward and/or reverse strand (Supp. Tab. 1), while only 16% of 
the promoter regions of the whole genome carry this cis-element. Thus the promoter 
regions of PAP1 to PAP10 were selected by the following criteria: 1) all sequences 
upstream of the ATG up to the next upstream located gene were regarded as principle 
promoter regions, 2) a size-restriction of a maximum of 2 kb was implemented in order 
to ensure a fast and efficient cloning and 3) sequences of upstream genes were included 
whenever the predicted cis-element was present. The chosen promoter regions (Fig. 4 
A) vary between ~470 bp (PAP4) and ~1700 bp (PAP9) in length and show differences 
in their element composition. A part of them contain upstream gene sequences (PAP1, 
3, 4, 7, 8 and 10). PAP6 consists only of its own 5’UTR and the 5’UTR of the upstream 
gene that includes an intronic region, while PAP2, 5 and 9 promoters contain no 
annotated elements. PAP1 and 2 do not possess an annotated 5’UTR, while PAP3 to 
PAP10 include a predicted TIS; therefore fusion constructs of the predicted start codon 
of each PAP gene (Fig. 4 A) with the open reading frame of the β-glucuronidase 
reporter gene were generated. The constructs hence included potential 5’UTR 
regulatory sequences in addition to potential transcriptional cis-elements. As a positive 
control of GUS-expression a promoter::GUS construct consisting of the promoter of the 
ubiquitously expressed XPO1b  gene encoding for exportin1, a protein that excludes 
target proteins from the nucleus (Blanvillain et al., 2008) fused to the β-glucuronidase 
was designed (Fig. 4 A).   
 
The transcriptional activity of the constructs was then tested by transient expression in 
the epidermal layer of onion cells. Therefore onion peels were transformed using a 
biolistic particle delivery system. The gold particles were coated with one of the 
promoter::GUS constructs and an internal control pKar6, a constitutively expressed 
enhanced GFP (eGFP) construct that is located to the endoplasmatic reticulum (ER; 
Supp. Fig.  2; created by Robert Blanvillain). After 24 h of expression each onion peel 
was searched for a region displaying GFP signals, which was subsequently used for the 
GUS assay. All PAP-promoter constructs displayed expression in this approach, 
however, to a very low level when compared to the control XPO1b (Fig. 4 B).  
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In order to obtain a quantitative assessment the ratio of cells expressing GUS divided by 
cells expressing GFP within the same area of transfection were calculated (Fig. 4 C). In 
consequence, the higher the number of cells expressing GUS in relation to GFP became, 
the higher the NGUS/NGFP-ratio became. The NGUS/NGFP-ratio of pXPO1b displayed a 
relatively high value of 1.857. In contrast the pPAP-constructs displayed a roughly 1.5 
fold lower NGUS/NGFP-ratio than the control construct, which confirmed their low 
expression.  Furthermore, all pPAP-constructs exhibited comparable ratios between 
0.01 and 0.1, only pPAP1::GUS displayed with 0.39 a slightly increased NGUS/NGFP-
ratio (Fig. 4 C). Thus the calculation confirmed the visual impression obtained from the 
onion cells shown in Fig. 4 B. The comparable GUS-expression levels of PAP1 to 10 
support the hypothesis of co-regulation of the PAP genes and validate the functionality 
of these constructs. The minor GUS-expression of the PAP-constructs in comparison to 
XPO1b might be due to expression in non-target cells of PAP genes as onions cells do 
not harbor chloroplasts but amyloplasts, which likely do not contain the PEP-A 
complex as they do not perform a light-induced plastid transition. 
 
4.1.3 Generation and selection of the Arabidopsis-pPAP::GUS lines  
The promoter::GUS constructs were transformed into Arabidopsis thaliana, ecotype 
Col-0, in order to a) analyze the in vivo expression pattern of the PAP genes in detail 
and to b) obtain a starter line with which one can set up a genetic screen for the 
identification of a potential transcriptional master regulator of the PAP genes. The 
stable transformation of A.t. wild-type plants (T0) was mediated by Agrobacterium 
tumefaciens. The seeds of the T0 generation were collected and selected for hygromycin 
B-resistance that originated from the successfully introduced plasmid. For verification 
leaves of resistant plantlets (T1; nPAP1-10=18-31) were used for GUS-assay and 
genotyping (Fig. 5, Supp. Tab. 2). The genotyping revealed that the selection with 
hygromycin was effective, since very little numbers of primary transformants (15 out of 
243) were false positives. When checking the GUS staining, differences among the PAP 
genes became observable. Most of the constructs, such as pPAP1::GUS, pPAP3::GUS, 
pPAP4::GUS, pPAP6::GUS, pPAP7::GUS and pPAP9::GUS did not yield any blue 
stained leaves. The GUS-assay of plants containing the construct of pPAP10::GUS 
resulted in only two stained plants. In contrast almost all plants transformed with the 
pPAP2::GUS, pPAP5::GUS and pPAP8::GUS constructs displayed GUS staining, 
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although the strength of the blue staining varied among the transformants (Fig. 5, Supp. 
Tab. 2).  
Figure 5: Collection of primary transformants. The T1 generation was selected on hygromycin (½ 
MS-media, containing 1% sucrose, 0.8% and 30 µg/ml hygromycin) a resistance coming from the 
inserted plasmid and transferred on soil. Leaves of around 7-week old resistant plants (nPAP1-10=18-31) 
were used for a GUS-assay (upper row, designated as GUS) and genotyped for the presence of the 
promoter construct, using the PAP forward primer that was used for cloning (oFPAP1-10) and a revers 
primer, annealing to the β-glucuronidase (oGUS-J) (middle row). The promoter region of PAP5 and 9 
were too big, so that the amplicon appeared to faint to be sure about the presence of the insert. Therefore, 
additional primer were used (oFPAP5/oPAP5midR and oPAP5midF/oGUS-J for PAP5 and omidF/oGUS-J for 
PAP9). The presence of DNA was tested by the amplification of EF1 (lower row). The number of 
transformants, tested positive by genotyping, are indicated in column 2. 
 
Based on the co-expression analyses and the involvement of the PAPs in the 
chloroplast-to-etioplast transition it was very likely that high promoter activities of the 
PAPs could be found during germination and/or the onset of photomorphogenesis. To 
test this assumption, the seeds of all T1 transformants that were positively identified by 
genotyping were tested (Fig. 5). The seeds were imbibed and stratified for 2 days on ½ 
MS-media. Then, the seeds were placed in darkness at 21°C for 72 h in order to induce 
skotomorphogenesis. Afterwards a 4 h light treatment (~30 µE white light) was applied 
to trigger photomorphogenesis, immediately followed by a GUS-assay. Representative 
GUS-stained cotyledons (T2 generation) of each line are depicted in Fig. 6.  
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Figure 6: GUS-assay with seedlings of the T2 generation. Seeds were grown on ½ MS-media, 
containing 1% sucrose and 0.8% agar. Seeds were imbibed and stratified for 2 days, grown for 3 
days in darkness at 21°C and illuminated for 4 h with WL (30 µE) before the GUS-assay. The 
duration of the GUS staining varied depending on the strength of the construct (PAP1: 22 h, 
PAP2: 17 h, PAP3: 42 h, PAP4: 42 h, PAP5: 17 h and 15 min, PAP6: 47 h, PAP7: 18 h and 45 
min, PAP8: 17 h and 30 min, PAP9: 49 h and PAP10: 49 h). Two representative seedlings per 
promoter::GUS construct (PAP1-10) and per transformants (A-AD) are depicted. Yellow circles 
indicate cotyledons with very faint blue staining. WT is the non-transformed wild type. 
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The expression pattern of each construct was considered as reliable, when several 
distinct transformation events of the same construct yielded identical results. According 
to the strength of the GUS staining the expression of the constructs could be divided 
into 3 groups: no GUS-expression (PAP4, 9 and 10), low GUS-expression (PAP1, 3, 6 
and 7) and strong GUS-expression (PAP2, 5 and 8). Strikingly, the GUS-expression 
was restricted to the cotyledons, although a partial blue staining of the hypocotyl was 
observable in the very strong expressing lines of PAP2 and PAP5. This coloration likely 
was not caused by leakage but results from expression in small numbers of chloroplasts 
formed in hypocotyls. The organ specific expression of the pPAP::GUS lines is in 
accordance with results of Chen et al., 2010, who designed s similar promoter::GUS 
construct for PAP5.  
 
Based on the GUS expression in the cotyledons, the lines of PAP2, 5 and 8 displayed 
the strongest, most robust and specific expression and thus were used for further 
experiments. Two different lines for each of the three promoter::GUS constructs 
(PAP2_L and V, PAP5_H and T and PAP8_H and M) were checked for a 1:3 
Mendelian segregation, in order to obtain lines with an insertion of the T-DNA in a 
single locus (Tab. 2). 100-150 plants of the T2 generation were grown on hygromycin, 
plants that were sensitive or resistant to hygromycin were counted and the percentage of 
hygromycin resistant plants was calculated. A percentage of ~75 % of resistant plants 
typically implies that the insertion occurred only in a single locus, while a higher 
percentage of resistant plants indicates that multiple unlinked insertions had occurred. 
All six lines depicted values of around 75 % of resistance and, thus, likely contained the 
insertion of the respective construct in only one locus. The homozygous T3 plants were 
tested using hygromycin and subsequently used for GUS activity tests.  
Table 2: Mendelian segregation. Seeds of the T2 lines PAP2_L, PAP2_V, PAP5_H, PAP5_T, PAP8_H 
and PAP8_M were grown on ½ MS-media, containing 1% sucrose, 0.8% agar and 30 µg/ml hygromycin. 
Plants were grown for 1 week in far-red enriched light, to induce hypocotyl elongation followed by 3 
weeks growth in white light (30 µE). Number of hygromycin sensitive and resistant plants, as well as the 
total amount of germinated seeds was counted and the percentage of hygromycin resistant plants was 
calculated.  
 
 
 
 
 
 
identity   name sensitive plants resistant plants sum % 
296b F38/16 PAP2_L 38 100 138 72 
296b F38/26 PAP2_V 37 104 141 74 
298f F39/45 PAP5_H 22 78 100 78 
298f F41/01 PAP5_T 33 74 107 69 
304e F39/16 PAP8_H 29 119 148 80 
304e F39/33 PAP8_M 28 114 142 80 
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4.2 Spatio-temporal analysis of pPAP::GUS construct expression 
It is well documented that the PAPs are essential for the assembly and proper function 
of the PEP-A complex and the generation of functional chloroplasts (Pfalz et al., 2006; 
Myouga et al., 2008; Arsova et al., 2010; Chen et al., 2010; Gao et al., 2011; Steiner et 
al., 2011; Galvao et al., 2012; Gilkerson et al., 2012; Yagi et al., 2012; Pfalz and 
Pfannschmidt, 2013; Yu et al., 2013; Wimmelbacher and Börnke, 2014). Thus, one 
would assume expression of the PAPs in all tissues that contain chloroplasts. So far, 
however, a comprehensive analysis of the expression pattern of PAPs has never been 
published. In order to compile a detailed expression catalogue, the lines of 
pPAP2::GUS; pPAP5::GUS and pPAP8::GUS were used. Comparison of the T2 lines 
PAP2_L and PAP2_V, PAP5_H and PAP5_T or PAP8_H and PAP8_M, respectively 
revealed comparable expression patterns, as shown for PAP8 in Supp. Fig. 3. Therefore 
PAP8_M and analog PAP2_V and PAP5_T were chosen for the following experiments.  
 
4.2.1 Expression during germination 
Based on in-silico analyses using eFP-browser data PAP genes are expressed prior to 
illumination (Pfannschmidt et al., 2015; Supp. Fig. 1). To test this hypothesis the 
Arabidopsis thaliana lines carrying the construct pPAP2::GUS, as well as the lines 
carrying pPAP5::GUS and pPAP8::GUS were used in detailed expression analysis. 
Here, the -glucuronidase served as a reporter for the transcriptional activity of the 
promoter regions of PAP2, 5 and 8, respectively, where the staining degree served as a 
measure for the promoter usage. In order to differentiate between developmental and 
light-dependent control of gene expression the seeds were kept for 72 h in darkness to 
induce skotomorphogenic growth of the seedlings, before they were transferred for up 
to 24 h to white light (Fig. 7, upper panels). This approach assured that the process of 
germination was fully finished, when comparing dark and light grown plants. 
Furthermore, the elongated hypocotyl facilitated the recognition of changes in the GUS 
staining. As a control for light induction, some plants were kept in darkness during the 
whole experiment (Fig. 7, lower panels). Samples were collected at different time points 
to obtain a time course of the PAP expression. The samples were immediately 
transferred to acetone, in order fixate the tissue and subsequently used for the GUS-
assay. In order to compare the different samples, the duration of the GUS staining was 
fixed to 17 h. For each time point during the time course, one representative seed or two 
representative plants are depicted (Fig. 7). 
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Figure 7: Promoter activities of PAP genes during skoto- and photomorphogenesis. Transcriptional 
activity in homozygous plants carrying the different pPAP::GUS constructs was tested during 
germination. Plants were grown on ½ MS-media, containing 1% sucrose. Imbibed and stratified seeds 
were placed in darkness at 21°C for 72 h in order to induce skotomorphogenesis. Afterwards plants were 
either kept in darkness (lower panels) or shifted to ~30 µE continuous white light (upper panels). Samples 
were collected at the given time-points and a GUS-assay was performed (17 h). Growth conditions and 
time-points of collection are indicated on the top. Pictures show representative individuals. n.a: not 
applicable. Grey bar indicate 1 mm.  
 
 
The results obtained with all three pPAP::GUS lines were comparable, though strongest 
signals were observed in pPAP5::GUS, while pPAP2::GUS and pPAP8::GUS 
displayed slightly fainter coloration. A faint GUS-expression was also found in the dry 
seed, best visible for pPAP5::GUS (Fig. 7). During imbibition and stratification, but 
also after 20 h of dark growth, no GUS staining was observable after 17 h of incubation. 
However, longer staining periods (50 h) revealed that the PAP2 and PAP8 promoter 
were active at this stage, though at a very low level.   
 
In the fully germinated seedlings (Fig. 7: 72 h; 15 min; 1 h and 24 h) GUS-expression 
occurred specifically in the cotyledons, while no (pPAP8::GUS) or just weak GUS-
expression (pPAP2::GUS and pPAP5::GUS) became visible in the hypocotyl. This 
spatial specificity of pPAP::GUS expression in cotyledons is in accordance with the 
results obtained during the selection process for a robust biomarker (Fig. 6). In 3-day-
old-seedlings, illuminated for 15 min the blue coloration became slightly more intense, 
while in samples illuminated for 1 h, the degree of staining returned to the level that 
was found in the 72 h dark-grown plants. In 24 h illuminated cotyledons the GUS-
activity further declined, which became even more explicit in 21-day-old rosette leaves. 
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The cotyledons of plants in the rosette stage did not express the pPAP::GUS constructs 
anymore. Strongest expression could be found in young, newly emerging leafs, while 
older leaves started to lose expression, beginning in the inner part of the leaf blade and 
continuing to the margins of the leaf. In contrast to the illuminated cotyledons, plants 
that were kept in darkness exhibited constant levels of GUS-expression (Fig. 7, lower 
panel). In conclusion, the transient peak of GUS expression after 15 min of illumination 
is likely induced by the onset of light. The lower expression after 24 h of illumination is 
probably caused by an overlap with developmental processes occurring during the 
course of photomorphogenesis that is also triggered by light as visible by the opening of 
the apical hook (Fig. 7, right top panel). 
 
In order to verify whether the promoter activities of the pPAP::GUS constructs correlate 
with the expression level of the endogenous PAP genes, reverse transcription PCR was 
performed. Therefore, Arabidopsis thaliana, ecotype Col-0 was grown according to the 
experimental set-up of the GUS-assay. Sample harvesting and RNA extraction were 
performed after 72 h of skotomorphogenic growth (D) and after 15 min, 1 h, 24 h and 
72 h of illumination with ~30 µE continuous white light (Fig. 8). The isolated RNA was 
retrotranscribed into cDNA and used for gene specific PCR-amplification with the 
respective PAP primer. The obtained bands of the agarose-gel (Fig. 8 A) were 
quantified and normalized to the values of ELONGATION FACTOR 1 transcripts 
(EF1), which served as loading control (Fig. 8 B). All PAP-genes exhibited significant 
transcript accumulation prior to illumination (Fig. 8 A). The genes PAP 1, 2, 4, 6, 7, 8 
and 9 displayed a transient peak after 15 min of illumination, followed by a continuous 
decrease in the relative transcript level that continued up to 72 h of illumination, 
reaching expression values even below the initial values at the end of the dark period 
(Fig. 8 A and B). The same tendency, but with no or a less apparent transient peak, was 
observed for PAP 3, 5 and 10. The general expression of PAP genes thus corresponds to 
the observations with the pPAP::GUS constructs. In order to compare this pattern with 
general photomorphogenic processes, the transcriptional regulation of the basal 
photomorphogenesis regulator, ELONGATED HYPOCOTYL 5 (HY5; Oyama et al., 
1997; Lee et al., 2007b), was used as control. HY5 was also expressed during the dark 
growth and showed an increase in the relative transcript level after illumination, which 
is comparable to the increase of the mean PAP expression (Fig. 8 A and B). However, 
the peak of HY5 expression was reached after 1 h of illumination. The decrease of its 
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relative transcript level appeared more rapidly than for the PAPs and seemed to reach a 
steady state after 24 h of illumination. The steady state level was equal to the HY5 
transcript level prior to illumination and to the transcript level of the PAPs after 24 h of 
illumination (Fig. 8 A and B).  
 
 
 
 
 
 
 
 
 
 
 
Figure 8: PAP expression during transition from skoto-to 
photomorphogenesis. Plants were imbibed and stratified for 48 h, 
before 72 h dark-growth. Afterwards plants were shifted to WL (30 
µE, continuous light) for the indicated times. A RT-PCR on PAP 
genes. RNA was isolated from wild type Col-0 at the indicated 
time-points. HY5 was used as a control for light induction. EF1α 
served as loading control. B Quantification of the steady state level 
of the transcripts pictured in A. The mean value of PAP1,2,4,6,7,8 
and 9 are plotted against the values of HY5. Values of the dark-
samples are set as 1. All values are normalized to the dark samples. 
Error bars show standard error. The x-scale represents the time-
points of harvesting. 
 
 
The RT-PCR confirms the results found with the GUS-assay, showing that the 
expression pattern of the pPAP::GUS constructs and the expression pattern of the 
endogenous genes do not reveal severe discrepancies. In accordance the pPAP::GUS 
could be used for further analyses of PAP gene expression.  
 
Both experimental approaches approved that PAP gene expression occurs already prior 
to illumination, as the microarray data of the eFP-browser already suggested. This 
points to a developmental control of these genes during early phases of germination and 
seedling development. GUS-assay and RT-PCR revealed in addition that expression of 
most PAP genes increased within 15 min of illumination and dropped below the initial 
level within 72 h of illumination (Fig. 7 and 8). HY5 expression resembled this pattern, 
though the increase occurred until 1 h of illumination (Fig. 8). This suggests the 
                                                                                                                                 Results 
 
 43 
addition of a second regulation pathway that transiently activates PAP gene expression 
in a light dependent manner, most likely as part of the photomorphogenic program. 
 
4.2.2 Expression in flowers and siliques 
Predictions based on the analysis of eFP-browser data revealed that PAP genes might be 
expressed also in flowers and siliques (Pfannschmidt et al., 2015; Supp. Fig. 1). To test 
this hypothesis, the Arabidopsis thaliana lines carrying the pPAP2::GUS, pPAP5::GUS 
and pPAP8::GUS constructs were grown under long day conditions (8 h night/16 h 
light) at 21°C, ~70 µE and 60 % humidity on soil until they reached the flower stage.  
Flower buds, flowers and siliques were collected and subjected to GUS staining. 
Figure 9: PAP expression in flower buds, flowers and siliques. Tissue was subjected to GUS staining 
for ~21 h. Pictures were taken on the Nikon AxioScope light microscope. A-D pPAP8::GUS. E-H 
pPAP5::GUS. I-L pPAP2::GUS. A,E,I Expression of PAP genes in leaf and flower buds. Arrow 
indicates the leaf buds. B,F,J Expression of PAP genes in flowers of different age. C,G,K Expression of 
PAP genes in siliques. D,H,L Higher magnification of flowers from B, F and J. Black arrows indicate the 
leaf buds. 
 
Green buds and sepals of all lines exhibited strong GUS staining, while petals and 
cauline leaves remained white (Fig. 9 A, E and I). The GUS-expression within flowers 
was very specific to the sepals, developing siliques and partially to the filaments of the 
stamen and the carpels. The petals and the anthers with the pollen remained unstained 
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(Fig. 9 B, D, F, H, J and L). Thus, the predictions based on the eFP-browser data were 
correct but imprecise, because expression does occur in flowers, but not in all parts of it. 
In opposition to in-silico data where old siliques displayed reduced transcript levels, the 
promoter GUS activity was found rather equal in all siliques (Fig.9 B, C, F, G, J and K). 
 
4.2.3 Expression during embryogenesis 
Further predictions presumed PAP gene expression within the seeds, but did not define 
which tissues express them (Pfannschmidt et al., 2015; Supp. Fig. 1). In order to obtain 
a more detailed description siliques were collected, the seeds were separated and a 
GUS-assay was performed for ~18 h at 37°C. Afterwards, the seed coats were cleared, 
using HOYER’s solution. 
Figure 10: PAP expression during embryogenesis. Siliques along the main stem were collected, seeds 
separated and GUS-stained for ~18 h. After clearing of the seed coat with Hoyer’s solution pictures were 
taken on the Nikon AxioScope light microscope. A-F Expression of pPAP8::GUS. G-L Expression of 
pPAP5::GUS. M-R Expression of pPAP2::GUS. A,G,M Ovule. B,H,N Globular stage. C,I,O Heart 
stage. D.J,P Torpedo stage. E,K,Q Walking stick. F,L,R Bent cotyledon. Black arrows indicate the 
embryo. 
 
 
Based on the microarray of Belmonte et al., 2013, an in-silico analysis was performed 
that suggested expression of PAP genes within the embryo and the endosperm, while 
the expression in the seed coat appeared at a very low level (Supp. Tab. 3). Furthermore 
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the microarray data implied that PAP gene expression in the embryo slightly increased 
during embryogenesis (Kremnev and Strand, 2014; Supp. Tab. 3), while the endosperm 
expressed the PAP genes predominantly in the preglobular and globular stage (Supp. 
Tab. 3). However, differences between the PAP genes were observed; PAP1, 3, 5, 6 and 
10 were stronger expressed than PAP2, 4, 7, 8 and 9 (Kremnev and Strand, 2014; Supp. 
Tab. 3). Interestingly, these findings are in accordance with the results of the 
pPAP::GUS experiments. Expression of pPAP8::GUS was found to be present only in 
the endosperm of the ovule. The maternal tissue was free of any GUS-expression (Fig. 
10 A). At the globular and the heart stages, the endosperm and the embryo did express 
GUS, while the maternal tissue did not (Fig. 10 B and C). Starting with the torpedo 
stage, the embryo was the only tissue that exhibited GUS staining, although to a very 
faint degree (Fig. 10 D, E and F). The results for pPAP2::GUS were comparable, but 
with a more intense blue coloration (Fig. 10 M-R). Furthermore, the maternal tissue of 
the ovule and the maternal tissue of seeds containing an embryo at the globular stage 
displayed additional GUS staining (Fig. 10 M and N). pPAP5::GUS was expressed in 
the maternal tissue, the endosperm and the embryo throughout the whole embryogenesis 
(Fig. 10 G-L). The observed differences between the three lines might be caused by 
differences in the expression pattern of the respective PAP gene or by a different 
strength in expression. Weak signals of pPAP8::GUS, like in the maternal tissue of the 
ovule, might be below the threshold and therefore not be visible, while expression 
levels of the strong expression line of pPAP5::GUS could be above the threshold, 
resulting in a blue staining of the maternal tissue. 
 
In summary the pPAP::GUS expression appeared already within the seeds and 
increased in the fully germinated, dark grown seedlings, but only in the cotyledons. A 
transient peak of expression occurred within 15 min of illumination. In rosette plants, 
only young leaves displayed GUS-expression, while the senescent cotyledons and older 
leaves showed no GUS-expression, neither do fully-developed cauline leaves. In 
flowers only green tissues such as the sepals, the carpel and the valves of the siliques 
exhibited GUS-expression. GUS-expression was also detected in the embryos 
throughout embryogenesis (Fig. 11). Taken together, especially tissues that were prone 
to become or recently became photosynthetic did show promoter activity of the 
pPAP::GUS constructs.  
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In conclusion, the expression of PAP genes was highest in developing young 
photosynthetic tissue. This corresponds well with the assumption that the PAPs and the 
PEP-A complex are essential for the build-up of the chloroplast. In older tissue, in 
which the chloroplasts are operational, PAP gene expression does not occur or at a very 
low level that is beneath the threshold of detection. This might be best explained by 
earlier observations, indicating that at this time point the PEP-A complex is required 
only for the maintenance of the chloroplast and thus, a small portion of the complex 
might be sufficient to perform this function (Liere et al., 2011). 
Figure 11: Summary of PAP gene expression throughout the plant life cycle. Illustrated is the 
transcriptional activity of pPAP::GUS constructs during the whole life cycle of the plant. All expression 
data are based on experimental evidences. Dark blue represents strong GUS-expression, white tissue 
represents no GUS expression. Parts that are given in beige were not used for GUS-assays.  
 
4.2.4 Identification of a potential regulatory cis-element within the pap8-promoter  
In addition to the analysis of the time-dependent and spatial distribution of the promoter 
activity, pPAP::GUS constructs can be used to gain information about the regulatory 
cis-element and the corresponding trans-factor that binds to the element. This may 
reveal the mechanisms that support or repress the recruitment of the RNA polymerase 
and therefore regulate expression of the PAP genes. According to a FIRE-algorithm 
analysis performed in collaboration with the group of Prof. Dr. Klaus F.X. Mayer 
(Helmholtz Centre, Munich) promoter region of PAP genes contain an over-represented 
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element with the core-sequence HMWAGCTCV. In order to analyze this predicted 
element the promoter of PAP8 was studied in detail. This construct was chosen as it 
revealed a robust basic expression with a significant transient light induction (Fig. 7). 
The promoter region of PAP8 contains the potential cis-element with the consensus 
sequence HMWAGCTCV 636 bp upstream of the TIS (Fig. 4, Supp. Tab. 2 and Fig. 
12). 
Figure 12: Identification of a potential regulatory element within pPAP8. A Representation of the 
chosen promoter region of PAP8 within a section of chromosome 1. The annotations are according to 
TAIR. B Chosen regions of the truncated pPAP8-versions. In the truncated version P8m3 represents the 
predicted regulatory element mutated by a triple base exchange to adenine, indicated in red letters. C 
GUS-stained, transgenic lines of Arabidopsis thaliana expressing the according truncated promoter 
version, fused to GUS. Plants were grown on ½ MS-media, imbibed and stratified for 2 days, grown for 
72 h at 21°C, darkness and shifted for 4 h to ~30 µE continuous white light before the GUS-assay. GUS 
staining lasted ~17 h. Two representative cotyledons per pPAP::GUS construct are depicted. D 
Regulatory element that was predicted by MEME (Bailey et al, 1994), using the sequence of pPAP8 from 
+1 till -97bp. Chromosome section: Black arrow: open reading frame of the according gene; the 
direction of the arrowheads represent the orientation of the gene on the chromosome. Red line: UTR; 
black line: intergenic region. Promoter region:  Dark grey: upstream gene with introns (lines) and exons 
(boxes); light grey boxes: UTR; white triangle: cis-element with the core sequence HMWAGCTCV, 
predicted by FIRE analysis; “Plus”: transcription initiation site (TIS, +1). Dark grey lines in B indicate 
chosen regions of the truncated pPAP8-versions. 
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In order to verify whether the predicted element is truly involved in the regulation of the 
gene expression of PAP8, several truncated pPAP8::GUS versions with and without the 
cis-element were produced (Fig. 12 B), including an internal deletion version 
(P8DEcoRV/HindIII; Fig. 12 B) that was designed by digestion with EcoRV/HindIII and a 
subsequent re-ligation. These constructs were transformed into Arabidopsis thaliana, 
Col-0 and their transcriptional activities were compared to the longest promoter version 
(P8-1133 bp) that was used for the analysis of the promoter activity in previous 
experiments. Therefore, the T1 generation of the transgenic lines of Arabidopsis 
thaliana, carrying the different pPAP8-truncation versions where grown according to 
the previous experiments. In order to test only plants carrying the pPAP::GUS 
constructs, plants were grown on ½ MS-media, containing 1% sucrose, 0.8% agar and 
30 µg/ml hygromycin. After imbibition and stratification seeds were placed for 72 h in 
darkness before they were illuminated for 4 h. Hygromycin resistant plants were than 
selected and used for the GUS-assay. Both, pPAP8::GUS constructs with (P8-1133; P8-
909; P8-729) and without (P8-497; P8DEcoRV/HindIII; P8-257; P8-97) the predicted cis-
element displayed in all tested plantlets (~30-50 hygromycin resistant plants per 
construct) a comparable level of GUS staining that was restricted to the cotyledons (Fig. 
12 C). Thus, the transcriptional activity was not influenced by the deletion of the 
predicted element and, therefore, the predicted element can be excluded as a 
determinant of the regulation of PAP8 gene expression.  
 
Further truncation of the promoter region revealed that only the minimal promoter 
version consisting of the 5’UTR (P8+1) was not sufficient to induce proper gene 
expression. Hence, it can be concluded a) that the vector itself does not lead to any 
transcriptional initiation and b) that the basal regulatory element must be located within 
the 97 bp upstream of the +1. This intergenic region is very AT-rich with very low 
levels of information and therefore does not yield many possibilities for a regulatory 
element. In-silico analysis using the prediction tool MEME (Bailey et al, 1994) 
identified a potential regulatory element with the consensus sequence TGWYGY (Fig. 
12 D) that is located 96 bp upstream of the TIS. To test if this novel predicted element 
is required for PAP8 gene expression, a site-directed mutagenesis approach was 
performed. Replacement of three G/C bases by A within the predicted element (Fig. 12 
B) led to 11 dark blue seedlings, comparable to the other pPAP8-versions; 7 light blue 
seedlings and 6 white seedlings out of 24 tested individual plantlets (Fig. 12 C). The 
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site-directed mutagenesis thus impaired but not fully abolished the transcription of the 
constructs. A positional effect is unlikely, since none of the non-mutated constructs 
exhibited impairment in GUS-expression, while more than half of the tested seedlings 
of the mutagenized promoter::GUS construct were affected and displayed low or no 
GUS expression. It is more likely that the site-directed mutagenesis was not efficient 
enough to abolish transcription completely and/or the PAP8 promoter contains an 
additional element that partially masks the mutagenesis in some trangenics. In 
conclusion, the mutagenesis disturbed the transcriptional activity of the promoter and 
therefore the predicted element TGWYGY is most likely required for the transcriptional 
regulation of PAP8.  
 
The motif comparison tool Tomtom (Gupta et al, 2007) was used to identify potential 
transcription factor(s) that might recognize the consensus sequence TGWYGY. Two 
different databases (Franco-Zorilla et al, 2014 and O’Malley et al, 2016) were used for 
the identification of matches. In both cases mainly bZIP-factors were predicted (Supp. 
Tab. 4), including TGA’s, bZIP60 and HY5. The latter was found to display an 
expression pattern comparable to that of the PAP genes (Fig. 8) and therefore revealed 
to be a good candidate for further analysis.  
 
Based on the co-expression analysis (Fig. 3, Supp. Fig. 1, Pfannschmidt et al., 2015), 
the similarities in the expression pattern (Fig. 8) and the transcriptional activity of the 
PAP promoters throughout the whole life cycle of the plant (Fig. 7, Fig. 9, Fig. 10) it is 
very likely that the PAP genes are co-regulated. In the case the identified element is 
required for this co-regulation it should be present in other PAP-promoters. Using 
FIMO (Grant et al, 2011) it was investigated whether the potential regulatory element 
TGWYGY matches to sequences with the promoter regions of PAP1-10 (Tab. 3). For 
this comparison the promoter regions as described in Fig. 4, were used despite for PAP5 
and 8, where the truncated versions that still displayed GUS-expression (Supp. Fig. 5, 
Fig. 12) were used. The prediction of the element within a promoter was ranked by the 
likelihood that a random sequence of the same size could match that position (p-value; 
Grant et al, 2011). The element was found with a p-value smaller than 0.001 within the 
promoter region of PAP1, 2, 3, 7, 8, 9 and 10, both on the forward and/or the reverse 
strand (Tab. 3, Supp. Fig. 5). For PAP4, 5 and 6 matches could be identified with a p-
value smaller than 0.002 (Tab. 3, Supp. Fig. 5). This finding provides support for a 
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possible co-regulation of the PAP genes mediated by a cis-element with the consensus 
sequence TGWYGY. 
 
Table 3: List of the predicted regulatory element TGWYGY within the promoter regions of PAP1-
10. The database FIMO (Grant et al, 2011) was used for the detection of the potential regulatory element 
TGWYGY within the promoter regions of PAP1-10. For PAP5 and PAP8 the truncated version P5-99 bp 
and P8-257 bp were used based on the fact that these versions still display full promoter activity (Fig. 12 
and Supp. Fig. 4). The list of PAP promoters, carrying the consensus sequence, is sorted by increasing p-
value. The p-value of motif occurrence is defined as the probability of a random sequence with the same 
length as the motif matching that position of the sequence with a comparable or better a score (Grant et 
al, 2011). The threshold was set to 0.002. Results shaded in grey represent matches with a threshold of 
0.001. For each PAP gene, the matched sequence and its position within the entered promoter sequence 
(start and end point) is stated. The position on the sense (+) or antisense (-) strand is indicated.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
sequence name strand start end p-value matched sequence 
PAP8 + 162 167 0.000195 tgacgc 
PAP2 - 100 105 0.000864 tgacgt 
PAP2 - 105 110 0.000864 tgacgt 
PAP3 + 258 263 0.000864 tgatgc 
PAP10 + 258 263 0.000864 tgatgc 
PAP7 + 540 545 0.000864 tgacgt 
PAP9 - 1027 1032 0.000864 tgacgt 
PAP9 - 1056 1061 0.000864 tgatgc 
PAP1 + 1231 1236 0.000864 tgacgt 
PAP1 - 1233 1238 0.000864 tgacgt 
PAP1 + 1252 1257 0.000864 tgacgt 
PAP1 - 1254 1259 0.000864 tgacgt 
PAP9 - 1367 1372 0.000864 tgatgc 
PAP6 - 316 321 0.00134 tgttgc 
PAP6 - 343 348 0.00134 tgttgc 
PAP4 - 451 456 0.00134 tgtcgt 
PAP6 - 797 802 0.00134 tgttgc 
PAP1 + 1080 1085 0.00134 tgtcgt 
PAP9 - 1098 1103 0.00134 tgttgc 
PAP1 + 1136 1141 0.00134 tgtcgt 
PAP7 - 1427 1432 0.00134 tgttgc 
PAP7 - 9 14 0.00163 tgatgt 
PAP10 + 59 64 0.00163 tgatgt 
PAP6 + 94 99 0.00163 tgatgt 
PAP6 - 161 166 0.00163 tgatgt 
PAP3 - 208 213 0.00163 tgatgt 
PAP8 + 193 198 0.00192 tgttgt 
PAP4 + 228 233 0.00192 tgttgt 
PAP7 - 246 251 0.00192 tgttgt 
PAP10 - 302 307 0.00192 tgttgt 
PAP5 + 335 340 0.00192 tgttgt 
PAP1 + 351 356 0.00192 tgttgt 
PAP3 + 422 427 0.00192 tgttgt 
PAP6 - 424 429 0.00192 tgttgt 
PAP4 - 454 459 0.00192 tgttgt 
PAP2 - 539 544 0.00192 tgttgt 
PAP10 + 782 787 0.00192 tgttgt 
PAP10 - 844 849 0.00192 tgttgt 
PAP1 + 1015 1020 0.00192 tgttgt 
PAP9 - 1236 1241 0.00192 tgttgt 
PAP9 - 1403 1408 0.00192 tgttgt 
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4.3 Set-up of a genetic screen for the identification of a transcriptional master 
regulator of PAP genes 
4.3.1 The screening approach 
The expression analysis with the pPAP::GUS constructs provided new ideas about the 
regulation of PAPs, which can be used to set-up a screen. Especially young seedlings 
displayed reliable, strong and robust expression of PAP genes. Therefore the best time-
point for the conduction of a genetic screen would be shortly after germination. 
However, at the seedlings stage it is not possible to perform a GUS staining without 
loosing the whole seedling. Thus, pPAP::LUC constructs will be used, which allow 
vital in vivo detection of promoter activities.  
 
Since it is still unknown, whether the transcription of the PAP genes is activated in the 
target tissues or repressed in non-target tissues, two different approaches will be applied 
to the starter line in order to find either an activator or a repressor of PAP gene 
expression.  
 
The random insertion of a ubiquitously recognized, strong promoter into the genome 
will result in the expression of any adjacent gene (activation tagging; Weigel et al., 
2000). In case the promoter is located next to an activator of the PAP expression, 
ectopic expression of the PAP genes will occur, likely resulting in chloroplast formation 
in non-target tissues, such as roots and the hypocotyl. Thus, allowing for the screening 
of plants displaying green roots and hypocotyl. Roots and hypocotyl have indeed the 
potential to green as demonstrated by cop1 and det1 mutants or the application of 
cytokinin (Chorey and Peto, 1990; Deng and Quail, 1992; Kobayashi et al., 2012). 
However, even if the greening is not observable, the pPAP::LUC construct will be 
expressed by the activator, resulting in increased luciferase levels and thus, 
bioluminescence upon application of the substrate luciferin. In contrast, in case of a 
repressor the enhanced expression would result in the inactivation of PAP gene 
expression, even in target tissues, thus, leading to albino plantlets. However, also the 
insertion of T-DNA into the coding region of a gene could result in an albino 
phenotype. A distinction would be complicated and time consuming. Therefore, the 
EMS-mutagenesis would be more advantageous for screening a repressor of the PAP 
gene expression. 
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The ethyl methanesulfonate (EMS) will cause random mutations by nucleotide 
substitution, resulting in point mutations. If these point mutations lead to the knock-out 
of the repressor of PAP gene expression, ectopic expression of the PAP genes and 
hence, chloroplast formation and greening in non-target cells might occur. Anyhow, the 
bioluminescence of the luciferase will be detectable. However, knockout of an activator 
would result in an albino plant. Consequently the search for an activator of PAP gene 
expression will be conducted with the T-DNA insertion. 
 
In summary, the two approaches will yield the possibility to search for regulators of the 
PAP gene expression, independently of an activating or repressing function. 
Furthermore in case the PAP gene expression is not controlled by one, but several 
transcription factors, the screen and the use of three different pPAP::LUC constructs 
will yield the possibility to identify any potential regulator involved in the PAP gene 
expression and thus will broaden the understanding of the regulation of PAP gene 
expression.  
 
4.3.2 Generation of the starter lines  
Based on the results with GUS-expression studies PAP2, 5 and 8 displayed the strongest 
and most robust expression and thus, their promoters were chosen for the generation of 
the starter lines. Therefore, the -glucoronidase within the pPAP::GUS constructs was 
exchanged with the reporter gene luciferase. Subsequently the constructs were stably 
transformed into Arabidopsis thaliana, Col-0. Selection of T1 plants, carrying the 
pPAP::LUC construct was performed on ½ MS-media, containing 1% sucrose, 0.8% 
agar and 30 µg/ml hygromycin. The seeds of the resistant plants were then pre-selected 
by a luciferase-assay. To this end plants were grown according to the procedure of the 
GUS-assay. After 4 h of illumination plants were sprayed with luciferin (0.01% Trition 
X-100; 0.1mM luciferin) and incubated in darkness for 5 min before measuring the 
luciferase signal using a luciferase camera. The number of plants displaying a luciferase 
signal and the number of plants showing no luciferase signal were recorded (Supp. Tab. 
5). Lines, where ~75% of plants exhibited a strong and robust luciferase signal were 
selected. These lines need to be further selected on hygromycin to verify the Mendelian 
segregation and the insertion of the T-DNA in only one locus. As a further confirmation 
of the single insertion event southern-blot analysis need to be performed before using 
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homozygous lines for the mutagenesis and the screen. Hence, starter lines for the screen 
were successfully generated, though they await further confirmation. 
 
4.4 Analysis of post-transcriptional mechanisms of PAP gene expression 
The expression of genes is not only regulated at the transcriptional level, but also 
includes post-transcriptional, translational and post-translational regulation. 
Transcription and translation are often commonly regulated in a co-directional manner 
but might influence one another in a feedback loop (Strayer et al, 2000; Kang et al, 
2009; Patharkar and Walker 2015). Thus, uncoupling transcription and translation might 
lead to biased observations. 
 
4.4.1 Protein localization of PAPs in plastids and nucleus 
4.4.1.1 Transient expression in onion cells 
The PAPs are proteins that where found in tight association with the PEP-core 
complexes (Pfannschmidt et al, 2000; Steiner et al, 2011) and are, therefore, known to 
be localized in the chloroplast. However, HEMERA/pTAC12/PAP5 was found also in 
the nucleus, where it is involved in the interaction/degradation with phytochrome 
interacting factors (PIFs) that are required for the initiation of photomorphogenesis 
(Chen et al, 2010; Galvao et al, 2012). This finding arose the question whether other 
PAPs are also dual-localized. Using the prediction tools ChloroP 1.1 and NLS mapper, 
six potentially dual-localized PAPs (PAP1, 5, 7, 8, 9 and 12) where identified, while six 
PAPs were predicted to be localized in the chloroplast only (PAP2, 3, 4, 6, 10 and 11) 
(Pfannschmidt et al, 2015). In order to verify these predictions, fusion proteins of eGFP 
with the open reading frames of two chloroplast-localized PAPs (PAP4 and 10) as well 
as of two potentially dual-localized PAPs (PAP8 and 12) where constructed. All 
constructs were put under the control of the constitutively active 35S promoter of the 
cauliflower mosaic virus. Epidermal cells of onion peels were transformed with these 
constructs using the biolistic particle delivery system. The gold particles, serving as 
carriers in this assay were coated with a PAP:GFP construct and a RecA:RFP construct. 
RecA is a protein known to be localized to plastids and served as a positive control an 
co-localization control in this experiment. 24 h after the bombardment expression was 
analyzed using epifluorescence microscopy (Fig. 13). The upper row of pictures depict 
the GFP signals found for all four PAP:GFP constructs. All constructs displayed 
speckled plastid-like pattern. In addition PAP8 and 12 showed an additional big green 
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spot. The middle row illustrates the RecA-signal in the plastids. In the bottom row 
merged pictures of the GFP and the RFP signals are represented. The merged pictures 
confirm that all four PAPs are located in the plastids, marked by the orange color that 
appears due to the overlay of the green and the red signals. The additional big green 
spot obtained with the PAP8 and 12 constructs did not match with the RFP and depicts 
a typical nuclear pattern: one huge spot per cell. Hence, in epidermal cell layers of 
onions, PAP8 and PAP12 are most likely dually localized, while PAP4 and PAP10 
could be only detected in the plastids. 
Figure 13: Transient transformation of onion epidermal cells. Onion epidermal cells were co-
transformed with a PAP:GFP construct and the plastid marker RecA:RFP, using the biolistic particle 
delivery system. After 24 h of expression in darkness, the epidermal layer was pulled of and placed on a 
microscopic slide. Pictures were obtained on the Nikon AxioScope epifluorescence microscope. Upper 
row: GFP signals of the indicated PAP open reading frame fused to GFP; middle row: signals of the 
plastid marker RecA:RFP; bottom row: overlay of the GFP and the RFP signals. Green arrows: nuclear 
signal. 
 
 
4.4.1.2 PAP localization in stably transformed Arabidopsis lines 
For further confirmation, Arabidopsis thaliana, ecotype Col-0 was stably transformed 
with the PAP8:GFP and PAP10:GFP constructs. T1 plants were grown on ½ MS-
media for 72 h in darkness and illuminated for 24 h with continuous white light 
(~30 µE). Primary transformants showing GFP-signals were used for confocal imaging 
(Fig. 14 A and B). In both lines, PAP8:GFP and PAP10:GFP,  the GFP-signals could 
be detected in the chloroplasts, although the signal itself varies significantly. The GFP-
signal of pCaMV35S::PAP10:GFP appeared as a very distinct and local spot, 
resembling a nucleoid (Fig. 14 C; Sakai et al., 2004; Powikrowska et al., 2014). In 
contrast, the signal of pCaMV35S::PAP8:GFP marked the whole chloroplast (Fig. 14 
D), giving the impression of not being as tightly compacted and localized as the signal 
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of the PAP10:GFP construct, which might be a specific feature of the potential dual-
localization of PAP8. In conclusion, this approach successfully proved the functionality 
of the cTP in these constructs. 
Figure 14: Confocal imaging of PAP:GFP constructs. Seeds were grown for 72 h in darkness/21°C on 
½ MS-media, shifted for 24h to continuous white light (~30 µE), DAPI stained and applied to confocal 
imaging. Pictures are false color pictures. A and B depict whole plantlets, C and D show mesophyll 
cells. A and C Arabidopsis thaliana carrying the construct pCaMV35S::PAP10:GFP that is predicted to 
be only chloroplast localized. B and D Arabidopsis thaliana carrying the construct 
pCaMV35S::PAP8:GFP that is predicted to be dual-localized to the chloroplasts and the nucleus. 
Magenta: Auto-chlorophyll fluorescence, green: GFP signal, blue: DAPI staining. 
 
 
4.4.1.3 PAP8-localization using cTP or NLS depleted constructs 
Due to the predictions (Pfannschmidt et al., 2015) and the results of the onion 
transformation, the PAP8-GFP fusion protein should be also present in the nucleus, but 
in none of the stably transformed Arabidopsis PAP8:GFP lines a GFP-signal in the 
nuclear compartment could be detected (Fig. 14 D). Interestingly, a recent study (Chen 
et al., 2010) described that PAP5-fusion constructs with a GFP at the N-terminus were 
located only in the nucleus, due to a masking of the cTP by the GFP, while PAP5 with a 
C-terminal GFP-fusion was detected only in the chloroplast but never, as expected, in 
both compartments. Immuno-western-blot analyses, however, demonstrated the 
presence of PAP5 in the nucleus and the chloroplasts. Based on the observation that 
neither PAP5-GFP nor PAP8-GFP could be detected in the nucleus, while GFP-PAP5 
did localize to the nucleus, it appeared likely that an unmasked N-terminal chloroplast 
transit peptide (cTP) overrules the function of the nuclear localization signal. Therefore 
different deletion versions of PAP8, lacking either the NLS or the cTP or both 
localization signals were designed and their localization was determined. In the frame of 
a practical course, Kévin Pounot cloned the different constructs either behind their own 
promoter or behind the constitutive 35S promoter (Supp. Fig. 6). The T1 generation was 
grown on ½ MS media for 72 h in darkness and illuminated for 24 h, before confocal 
imaging (Fig. 15). As shown in Fig. 14 D, in 24 h illuminated plantlets 
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pCaMV35S::PAP8:GFP was localized to the chloroplasts, marking the whole organelle 
(Fig. 15 A). Using the promoter of PAP8 instead of the cauliflower mosaic virus 
resulted as well in a chloroplastic localization, where the whole chloroplast was marked 
(Fig. 15 B). Therefore, it can be concluded that regardless of the promoter type PAP8 is 
targeted towards the whole plastid (Fig. 15 A and B). However, under none of the tested 
conditions a signal of the full length PAP8:GFP construct was detectable in the nucleus. 
Figure 15: Confocal imaging of PAP8-deletion versions. Imbibed and stratified seeds were grown on ½ 
MS-media for 72 h in darkness to induce skotomorphogenesis. Afterwards plants were shifted for 24 h to 
continuous white light (~30 µE). Plantlets were stained with DAPI and propidium iodide (PI) before 
confocal imaging. The pictures are given in false colors. A pCaMV35S::PAP8:GFP, B 
pPAP8::PAP8:GFP, C pCaMV35S::PAP8NLS:GFP, D pPAP8::PAP8NLS:GFP, E and F 
pCaMV35S::PAP8CTP:GFP, G pCaMV35S::PAP8cTP/NLS:GFP and  H 
pPAP8::PAP8cTP/NLS:GFP. Magenta: Auto-chlorophyll fluorescence, green: GFP signal, blue: 
DAPI staining, red: Propidium iodide staining, white arrow: GFP-signal in the epidermal layer. 
 
 
A deletion of the NLS, should prevent the import of the protein in the nucleus and 
therefore restrict the signal to the plastids. Using the PAP8NLS-version the results 
were comparable to the full length-version of PAP8. The signal was only detected in the 
plastids, regardless of the promoter used (Fig. 15 C and D). A deletion of the cTP led to 
the exclusion of the protein from the plastids, but revealed signals in the nuclei (Fig. 15 
E and F). The pCaMV35S::PAP8cTP:GFP was present in the nuclei of the mesophyll 
cells (Fig. 15 E) as well as in cells of the epidermal layer (Fig. 15 F, green arrow), 
confirming that the NLS is functional. Thus, PAP8-GFP is potentially able to enter the 
nucleus, independent of the cell type. As a control both, the NLS and the cTP were 
deleted, which should result in a cytosolic location due to the lack of an import signal. 
Indeed, the pCaMV35S::PAP8cTP/NLS:GFP and pPAP8::PAP8cTP/NLS:GFP 
fusion constructs were retained in the cytosol of etiolated and de-etiolated cotyledons 
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(Fig. 15 G and H). Taken together these results indicate that PAP8 is potentially able to 
localize to both compartments: the plastids and the nucleus.  
 
4.4.1.4 Assessment of localization of the endogenous PAP8 protein using western-
immunoblotting 
The question arose how far the microscopic localization of the genetic construct 
reflected the true localization of the endogenous PAP8 protein. In order to address this 
question, we isolated a nuclear fraction and a chloroplast-enriched fraction of 24 h 
illuminated Arabidopsis thaliana Col-0 cotyledons (Fig. 16) on a two-step percoll 
gradient and separated the proteins of each fraction on a 12.5% denaturing SDS-gel. 
After western transfer on a nitrocellulose membrane and incubation with an antiserum 
directed against the PAP8 protein, signals were detected by enhanced 
chemiluminescence (ECL). For PAP8 no commercial antibody was available. 
Therefore, in collaboration with Dr. David Cobessi (LCCP, Institut de Biologie 
Structurale, Grenoble) the PAP8 protein was overexpressed in E.coli and used for the 
production of an antiserum by a commercial service (ProteoGenix). The student Rémis 
Toutain verified the functionality of the antibody during a practical course. The 
theoretical molecular mass of PAP8 is 31.1 kDa, but the apparent molecular mass in 
SDS PAGE recognized by the antiserum is closer to 37 kDa. This corresponds to the 
apparent molecular mass of the native PAP8 protein identified by mass spectrometry 
(Steiner et al., 2011).  
Figure 16: Western-immunoblot analysis. 
Arabidopsis thaliana Col-0 seedlings were 
grown on ½ MS media for 72 h in darkness at 
21°C and illuminated for 24 h with continuous 
white light (~30 µE). A nuclear and a 
chloroplast-enriched fraction was extracted from 
whole plantlets. 30 µl of both fractions were 
separated on a 12.5% SDS gel and transferred on 
a nitrocellulose membrane. The membrane was 
incubated with the indicated antibodies. ECL 
was used for signal detection that was monitored 
by a CCD camera. The left lane shows the 
molecular weight marker. The middle lane 
depicts the protein accumulation of the nuclear 
fraction and the right lane of the chloroplast 
enriched fraction. The first row depicts the 
proteins detected by the anti-PAP8 antibody. The 
middle row shows the presence of RBCL and the 
bottom row depicts a Coomassie stained SDS gel 
loaded with identical volumes of the same 
sample 
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Using this PAP8 antiserum a signal could be detected both, in the nuclear and the 
chloroplast-enriched fraction at 37 kDa, though differences in the accumulation were 
observable (Fig. 16, upper row). The band obtained with the chloroplast-enriched 
fraction was much stronger than the band in the nuclear fraction. These differences were 
due to loading differences as revealed by the Coomassie-stained gel (Fig. 16, bottom 
row). These were caused by the approximately 100-fold excess of plastids over nuclei in 
the analyzed fractions. In order to verify that the PAP8-signal in the nuclear fraction did 
not derive from contaminations with plastids an antiserum directed against the large 
subunit of RubisCO (ribulose-1,5-bisphosphate carboxylase/oxygenase; RBCL) was 
used. The large subunit of the RubisCO is highly abundant in chloroplasts, thus the 
presence of plastids in the nuclear fraction would be easily detectable by western blot 
analysis. RBCL has an apparent size of ~52.7 kDa in SDS PAGE. As expected, RBCL 
was highly abundant in the chloroplast-enriched fraction (Fig. 16, middle row). In 
contrast, the nuclear fraction was free of any RBCL traces. Hence, in young seedlings 
the native, endogenous protein of PAP8 is present in nucleus and chloroplast, 
confirming both, the predictions as well as the analysis with the PAP8:GFP constructs. 
 
4.4.2 Tissue specific expression of PAP genes 
Photosynthesis genes (PEP-dependent class I genes) are transcribed by the PEP-A 
complex. Therefore biogenesis of functional chloroplasts is dependent on the PEP-
activity. It was stated for many years that in foliage leaves the majority of chloroplasts 
is located in the mesophyll cells, while the epidermis is free of chloroplasts and contain 
only leucoplasts, except for the guard cells that were known to posses chloroplasts 
(Lurie 1977; Raschke and Dittrich, 1977). New findings suggest that the pavement cells 
of the epidermal layer do not only contain leucoplasts but also a special form of 
chloroplasts that are 50-70% smaller than the chloroplasts of the mesophyll cells. They 
are low abundant (~1/10 of mesophyll cells), show lower auto-fluorescence and are 
scanty distributed (Pyke and Leech, 1994; Barton et al, 2016; Virdi et al, 2016). 
According to the general assumption of the PAP expression as bottleneck of chloroplast 
biogenesis, the presence of such functional chloroplasts in the epidermal layer would 
make it necessary that PAP genes are expressed in pavement cells.  
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4.4.2.1 Tissue specific promoter activity 
In order to determine whether pavement cells display PAP promoter activity, 
homozygous transformants of Arabidopsis thaliana, carrying the pPAP::GUS 
constructs of PAP2, 5 and 8 were used. Plants were grown on ½ MS-media for 72 h in 
darkness and shifted for 4 h into continuous white light (~30 µE), before the GUS-assay 
was performed (Fig. 17 A). The GUS-stained seedlings were stained with Eosin and 
embedded in paraffin.  7 µm thick histological cuts were prepared on a microtome and 
visualized using a light microscope (Fig. 17 B-G). Longitudinal sections of plants 
carrying pPAP8::GUS revealed that the GUS-expression occurred mainly in the 
epidermal layer, while very low GUS-expression was detectable in the mesophyll tissue 
(Fig. 17 B and C). Differences between the spongy and the palisade mesophyll were not 
detectable. Furthermore, GUS-expression continued from the basis of the cotyledons to 
the tissue surrounding the shoot apical meristem, but it was not detectable in the SAM 
itself and only at the base of the emerging young leaves (Fig. 17 D). Taken together, the 
promoter activity of PAP8 was highest in the epidermal layer of 4 h illuminated 
cotyledons and the peripheral zone of the SAM. 
 
Figure 17: Histological cuts of 4 h illuminated cotyledons. Histological cuts were made to determine 
cell-type specificity of PAP expression. Seedlings were grown for 3 days in darkness/21°C, followed by 4 
h white light (~30 µE) and GUS staining. The de-hydrated seedlings were further stained with Eosin and 
embedded in paraffin. 7 µm thick slices were cut on a microtome and the paraffin stripes were mounted 
on microscopic slides before imaging at Nikon AxioScope light microscope. A Cotyledons of 
pPAP8::GUS after GUS staining. B-D Longitudinal sections of pPAP8::GUS.  C Magnification of the 
cotyledons from B. C Shoot Apical Meristem (SAM) and newly arising leaves in a longitudinal section. 
E-G Cross sections of leaves from lines carrying pPAP2::GUS, pPAP5::GUS and pPAP8::GUS. The 
adaxial and abaxial leaf side is indicated. 
 
The analysis of the promoter activities revealed that the PAP genes display a co-
regulated expression (Figs. 7, 9 and 10). Thus, in case the observed epidermal promoter 
activity of PAP8 did not arise from gene-specific expression, pPAP2::GUS and 
pPAP5::GUS should show comparable patterns. Indeed, cross sections of the three 
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Arabidopsis thaliana lines carrying pPAP2::GUS, pPAP5::GUS and pPAP8::GUS 
exhibited the same expression patterns: strong GUS-expression in the upper and lower 
epidermis and very low expression in the spongy and the palisade mesophyll (Fig. 17 E, 
F and G). The strong promoter activities in the epidermal layer appear to be a common 
feature of the PAP genes that points again toward a co-regulation.   
 
The PAPs are proposed to be essential for the etioplast-to-chloroplast transition that is 
rapidly initiated upon illumination. Thus, the pre-dominant epidermal promoter activity 
suggests that chloroplasts in 4 h illuminated cotyledons might evolve first in the 
pavement cells. The low promoter activity of the PAP genes in the mesophyll cells at 
this time-point appears to be a contradiction to the fact that the mesophyll tissue harbors 
the majority of chloroplasts in fully developed leaves. Since the epidermis is the tissue 
that perceives light quanta first, it might be possible that PAP gene expression occurs in 
a temporal-spatial-cascade. This could mean that shortly upon illumination the promoter 
activity might be increased first in the pavement cells, while no expression occurs in the 
mesophyll cells. After longer exposure to light, the expression might then increase in 
the mesophyll tissue as well. To prove this hypothesis the promoter activity of 
pPAP8::GUS was analyzed in cross-sections of plants that underwent 
skotomorphogenic growth (72 h darkness/21°C) as well as in plants that were 
illuminated for 4 h, 24 h or 3 weeks (Fig. 18). In dark-grown seedlings, the GUS-
expression was dominant in the epidermal layer and very low in the mesophyll tissue 
(Fig. 18, left). These observations were comparable to the pattern, obtained for the 4 h 
illuminated plantlets (Fig. 17 B, C and G; Fig. 18, middle).  In contrast, 24 h illuminated 
cotyledons displayed a strong GUS staining all over the leaf, though the GUS staining 
in the epidermis appeared slightly more intense than in the spongy and palisade 
mesophyll (Fig. 18, right). In rosette plants the GUS-expression was abolished in the 
cotyledons and started to fade in the true leaves with the beginning of aging (Fig. 7). In 
a 3-week-old leaf, that displayed GUS-expression, the blue staining was observed both, 
in the epidermis and the mesophyll tissue at almost the same intensity (Fig. 18, bottom), 
but at a relatively low level when compared to epidermal layers in 4 h illuminated 
plantlets. Taken together the pPAP8::GUS construct exhibited PAP8 promoter activity 
in the upper and lower epidermis prior to illumination, thus suggesting that the PAP 
gene expression is, at least partially, under developmental control. However, the 
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increased PAP8 promoter activity in the mesophyll cells that was observable upon 
illumination implies an additional level of light control.  
 
Figure 18: Illumination dependent expression of pPAP8::GUS constructs in histological cuts of 
Arabidopsis leaves of different age. Seeds of Arabidopsis thaliana that were homozygous for 
pPAP8::GUS were grown on ½ MS-media and grown for 72 h in darkness at 21°C and shifted to 
continuous white light (~30 µE). For the samples of the rosette plants seeds were directly spread on soil 
and grown for 18 days under long day conditions (16 h light / 8 h dark; ~70 µE) at 21°C and 60 % 
humidity. Samples were collected at the indicated time-points and applied to the GUS-assay. GUS-
stained samples were Eosin-stained and embedded in paraffin. Cross sections of 7 µm thickness were cut 
at the microtome. Pictures were taken at the Nikon AxioScope microscope. The bottom right picture is an 
enlargement of the 3-week-old rosette leaf (bottom left). 
 
  
4.4.2.2 PAP8 transcripts are detectable in epidermis and mesophyll cells  
The more prominent activity in the epidermis in comparison to the mesophyll cells 
arose the question whether the low promoter activity that was observed in the 
mesophyll cells is efficient enough for the transcription initiation. In order to test 
whether PAP8 transcripts are present in epidermis and mesophyll cells an initial in situ 
hybridization (ISH) approach was performed. Therefore, a digoxigenin labeled PAP8-
antisense RNA probe with a size of 368 bp was designed that encompasses the last three 
exons of the PAP8 open reading frame. The vector pBluescript®IISK, containing the 
PAP8 open reading frame was cut with the restriction enzyme EcoRV and the 5’ end of 
the antisense strand was transcribed in-vitro, using the T3 RNA polymerase (Fig. 19 A). 
The labeled RNA probe was applied to tissue specimen of wild type cotyledons that 
were harvested after 72 h of dark growth or after additional 24 h of illumination. To this 
end Arabidopsis thaliana, Col-0 was grown on ½ MS-media for 72 h in darkness and 
shifted for 24 h into continuous white light (~30 µE). Samples were harvested at the 
indicated time-points and immediately fixed in 4% paraformaldehyde fixation solution, 
Eosin stained, embedded in paraffin and cut in 7 µm thick histological cuts on a 
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microtome. After hybridization of the labeled probe to the RNA of the tissue specimen, 
samples were treated with an anti-digoxigenin antibody that was conjugated to an 
alkaline phosphatase.  
Figure 19: In situ hybridization of PAP8 and PAP5 RNA probes in Arabidopsis thaliana cotyledons. 
Seedlings of Col-0 and pap8-1 were grown on ½ MS-media for 72 h in darkness and shifted for 24 h to 
continuous white light (~30 µE). Wild type samples were collected at the indicated time-point. Pap8-1 
was illuminated for 24 h and only homozygous albino plants selected. Samples were embedded in 
paraffin. 7 µm thick cross sections were cut and prepared for the ISH. A Representation of the PAP8 and 
PAP5 gene and the utilized open reading frame. The plasmids containing the open reading frame were cut 
with the indicated restriction enzyme. The linearized plasmid was used for the RNA probe-synthesis. 
PAP8-antisense-, PAP5-antisense- and PAP5-sense RNA probes were prepared using the T3 or T7 RNA 
polymerase, respectively. The PAP5-RNA probes were hydrolyzed in order to obtain smaller fragments 
that infiltrate easier in the tissue. B Cross sections of dark grown and 24 h illuminated wild type and 24 h 
illuminated pap8-1 after in situ hybridization with the PAP8-antisense-, PAP5-antisense- and PAP5-sense 
RNA probes. C Identification of a truncated PAP8 transcript of the 3’end. PCR was performed on cDNA 
of the wild type Col-0 and the homozygous mutant pap8-1, using the primer combination oE3F/ortpR. 
EF1 served as loading control. The position of the used primer is indicated in the representation of the 
genomic DNA. 
 
                                                                                                                                 Results 
 
 63 
The alkaline phosphatase hydrolyses the externally added substrate BCIP, which in turn 
should be oxidized by NBT, resulting in an insoluble dark blue or violet precipitate.  
 
In a first attempt, a strong and equal staining of the epidermal layer, as well as of the 
spongy and the palisade mesophyll of dark-grown seedling was observed (Fig. 19 B, 
left). Comparable results were obtained for the 24 h illuminated leaves. Thus, no 
differences were observable between the epidermis and the mesophyll cells. 
Furthermore no changes between the dark-grown and the illuminated samples were 
detectable. In order to prove that these results did not derive from unspecific labeling, 
cross-sections of the homozygous pap8-1 mutant were used as a control, because   
pap8-1 should not posses a transcript of PAP8 (Supp. Fig. 7 A) and therefore should not 
be stained by NBT/BCIP. In a first experiment a weak staining of the epidermis and the 
mesophyll tissue was obtained, which was much less pronounced in the mutant 
background than in the wild type (Fig. 19 B, left). The obtained staining might derive 
from a shorter PAP8-transcript whose transcription could be initiated after the inserted 
T-DNA, and thus span exon three up to exon six. To test, whether a shorter PAP8 
transcript was present in the pap8-1 mutant background reverse transcriptase PCR was 
carried out, using the primer oE3F that binds to the fourth exon and the primer ortpR 
that binds to the last exon (Fig. 19 C). Indeed, an amplicon was present, however, the 
band was very faint, which could explain why the staining in the ISH was much weaker 
in the mutant background than in the wild type. Thus, the in situ hybridization resulted 
in an even transcript accumulation in wild type dark and light samples. A strong 
reduction of the signal in the pap8-1 mutant background indicates the specificity of the 
signal, however, an independent control, using e.g. the PAP8-sense probe as a negative 
control should be done to further elucidate this context. 
 
Since the PAP gene expression appears to be highly co-regulated digoxigenin labeled 
PAP5-sense and antisense probes were used as second control in order to confirm the 
presence of the PAP transcripts in epidermis and mesophyll cells. To this end the vector 
pBluescript®IISK, containing the PAP5 open reading frame, was digested with the 
restriction enzyme ApaI and the antisense strand was transcribed, using the T3 RNA 
polymerase (Fig. 19 A). For the sense strand the plasmid was cut with NotI and the 
strand was transcribed, using the T7 RNA polymerase (Fig. 19 A). To assure a good 
diffusion of the probe into the tissues the probes should ideally be smaller than 500 bp. 
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Since both PAP5 probes were larger than 1.5 kb the probes were hydrolyzed after 
digoxigenin labeling. The ISH with the antisense probe revealed that PAP5 was also 
present in the dark grown samples, both in the epidermis and the mesophyll tissue (Fig. 
19 B, middle). Comparable results were found for the 24 h illuminated wild type 
samples, confirming the pattern obtained with the PAP8-antisense probe. Interestingly 
the PAP5 transcript was not altered in the pap8-1 mutant background. Thus, lack of 
PAP8 does not influence the transcription of other PAP genes, which supports the 
common hypothesis that the misregulation in PAP-mutants derive from the inability to 
form the PEP-A complex when one PAP is missing (Steiner et al., 2011; Pfannschmidt 
et al., 2015). The use of the PAP5 sense probe did not yield any staining, confirming the 
specificity of the antisense signal (Fig. 19 B, right). Taken together these preliminary 
ISH experiments confirmed that the PAP genes are expressed already during 
skotomorphogenesis. Furthermore, the ISH suggests the presence and equal distribution 
of PAP8 and PAP5 transcripts in epidermis and the mesophyll cells of dark-grown and 
24 h illuminated seedlings.  
 
4.4.2.3 PAP8 localizes to the epidermis and the mesophyll cells  
The observed promoter activity of the pPAP8::GUS construct and the initial ISH 
experiments implied that transcription of PAP genes is initiated already in etiolated 
seedlings. However, it was unknown, whether or not these transcripts are translated 
prior to illumination. Additionally, it was unclear which tissues harbor the PAP8 
protein, since the dark-grown seedlings displayed pPAP8::GUS activity only in the 
epidermal layer (Fig. 17 and 18), while PAP8 transcripts where found to be present in 
epidermis and mesophyll cells (Fig. 19). In order to investigate these issues, different 
PAP8-GFP fusion proteins were analyzed by confocal microscopy. T1 plants, 
expressing pPAP8::PAP8:GFP or pPAP8::PAP8NLS:GFP respectively, were grown 
on ½ MS-media for 96 h in darkness at 21°C, stained with DAPI and propidium iodide 
(PI) and analyzed by confocal imaging. Dark-grown cotyledons do not possess 
chlorophyll, but protochlorophyllide, which does show auto-fluorescence. This 
fluorescence, however, appears as distinct spot within the plastids, which is due to the 
localization of the protochlorophyllide in the prolamellar body. Thus, plastids are 
recognizable in confocal microscopy but their shape remains invisible (Fig. 20 A, B, C; 
E, G, I and K). The top-down view on mesophyll cells revealed the presence of PAP8 in 
these cells in dark-grown plantlets (Fig. 20 A and I). The pPAP8::PAP8:GFP and the 
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pPAP8::PAP8NLS:GFP signal of dark-grown seedlings, did co-localize with the auto-
fluorescence signal of the protochlorophyllide and surrounded the signal of the 
protochlorophyllide (Fig. 20 A and I). Thus in the darkness, PAP8 is produced in the 
mesophyll tissue and localizes to the plastids. 
 
In order to investigate whether also the epidermal layer contains PAP8 the two different 
PAP8-GFP fusion proteins were further analyzed. The epidermal chloroplasts were 
often located at the bottom of the epidermis being directed to the mesophyll cells (Fig. 
20 D and E). In contrast, chloroplasts of the mesophyll cells were located at the upper 
part of the cells in close proximity to the epidermis (Fig. 20 A, B, D and E) a typical 
low-light induced chloroplast accumulation response (Wada, 2013). This close location 
of the plastids generated difficulties to distinguish the border between the epidermis and 
mesophyll cells and to clearly assign whether the chloroplasts were located in the 
epidermal or mesophyll cells. Therefore, not only pavement cells of the epidermis were 
analyzed, but also the guard cells. The guard cells themselves as well as their plastids 
are easily recognizable by their particular shape and thus yield information about the 
presence of PAP8 in the epidermal layer, which might be, however, not representative 
for pavement cells. In order to prove the presence of PAP8 in the epidermal layer, 
pictures alongside the z-axis were taken (Fig. 20 B and C). This allows seeing the 
epidermal layer on top of the mesophyll cells. Using DAPI and PI the cell wall and the 
nuclei were stained in order to be able to distinguish the epidermis and the mesophyll 
tissue. Since the intact cuticle prevents solvents from intruding the leaf tissue, vacuum 
infiltration was applied in order to improve the staining. In this way, cell wall and 
nuclei of the epidermal cells could be marked in red and blue. The dyes, however, did 
not move deep into the tissue hindering an efficient marking of the mesophyll cells, 
which complicated the attribution of the plastids to the according cell layer. Together 
with the cell-type specific movement (see above) it appeared as if all depicted plastids 
were localized to the mesophyll tissue. Thus, it was not possible to identify plastids that 
were clearly localized to the pavement cells in the z-dimensional pictures (Fig. 20 B and 
C). 
 
Using pCaMV35S::PAP8:GFP in a top-down view that was acquired close to the edge 
of the leaf, a chloroplast of the pavement cell could be identified, depicting a GFP-
signal (Fig. 20 G, white arrow). Thus, it can be concluded a) that the epidermal layer 
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can indeed contain chloroplasts and b) that PAP8 is not degraded in the epidermal layer, 
which supports the hypothesis that PAP8 is also needed in the epidermis for the 
chloroplast formation. Using pPAP8::PAP8:GFP lines it was not possible to detect 
signals in the pavement cells of dark-grown seedlings.  
Figure 20: Confocal imaging of PAP8-GFP in epidermis and mesophyll cells. Seeds were grown on ½ 
MS-media for 72 h in darkness. Thereafter seeds were either shifted for 24 h to continuous white light 
(~30 µE) (D, F, H, J and L) or kept for the same time in darkness (A, B, C, E, G, I and K). Seedlings were 
stained with DAPI and PI before confocal imaging. The pictures are given in false colors. A-F 
pPAP8::PAP8:GFP, G and H pCaMV35S::PAP8:GFP, I and J pPAP8::PAP8NLS:GFP, K and L 
pCaMV35S::PAP8NLS:GFP. Magenta: Auto-chlorophyll fluorescence, green: GFP signal, blue: DAPI 
staining, red: Propidium iodide staining, white arrows: GFP-signal in the plastids of the pavement cells, 
white squared insets: Guard cells with GFP signal in the plastids, ep: Epidermal layer, m: Mesophyll 
cells. 
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Nevertheless, plastids of guard cells could be clearly identified, because they were 
distinct and more upwards directed, so that they did not appear in the same visualization 
plane as the mesophyll plastids (Fig. 20 C, D, E, H, K and L). Indeed, plastids of guard 
cells did express the pPAP8::PAP8:GFP construct in etiolated seedlings (Fig. 20 C, 
white square),  although only a small amount of the guard cells exhibited the GFP 
signals (Fig. 20 E, white square). This result became even more prominent when using 
the lines carrying pCaMV35S::PAP8:GFP and pCaMV35S::PAP8NLS:GFP 
constructs, where all guard cells exhibited a GFP signal (Fig. 20 H, K and L), both in 
dark-grown seedlings and in 24 h illuminated plantlets. Taken together it can be 
concluded that PAP8 is produced during skotomorphogenesis in both cell types, the 
epidermis and the mesophyll tissue in Arabidopsis. Since the promoter activities of the 
pPAP::GUS constructs changed upon illumination (Fig. 18) it was tested whether these 
changes were also observable on the protein level.  To this end plantlets were grown for 
72 h in darkness at 21°C and shifted to continuous white light (~30 µE) for 24 h, before 
staining with DAPI and PI and subsequent confocal imaging. Again, pictures of the z-
dimension did not draw conclusions on the expression of pPAP8::PAP8:GFP in 
pavement cells, but revealed the presence of PAP8 in guard cells (Fig. 20 D, square). 
Top-down pictures that were taken at the edge of the leaves displayed significant 
expression of pPAP8::PAP8:GFP and pPAP8::PAP8NLS:GFP in epidermal 
pavement cells (Fig. 20 F and J, arrowheads). According to the description of epidermal 
chloroplasts in the literature (Barton et al, 2016; Virdi et al, 2016) the signals that could 
be detected in the pavement cell likely derived from epidermal plastids (Fig. 20 F and J, 
arrowheads). Furthermore, the mesophyll cells significantly expressed 
pPAP8::PAP8:GFP and pPAP8::PAP8NLS:GFP. Hence, comparison of etiolated and 
de-etiolated seedlings did not reveal changes in the PAP8 protein localization, neither 
within the epidermis and mesophyll cells nor within the cell organelles. 
 
To assure that the dark-grown samples did not perceive light Arabidopsis lines carrying 
a pCaMV35S::PHYB:GFP construct (provided by Robert Blanvillain) were used. 
Phytochrome B is typically present in the cytosol of dark-grown plants. Upon 
illumination the phytochromes de-locate into the nucleus and initiate 
photomorphogenesis (Sakamoto and Nagatani 1996; Kircher et al., 1999; Yamaguchi et 
al., 1999; Chen et al., 2005; Li et al., 2011). A 5 min pulse of red light is enough to 
trigger the nuclear localization of PHYB, although threshold of detection, required an 
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additional period of ∼2 h in darkness (Kircher et al., 1999). In pCaMV35S::PHYB:GFP 
controls grown in parallel to the dark-grown samples, the PHYB-GFP was detectable in 
the cytosol of the guard cells and the pavement cells (Fig. 21 A), while 24 h illuminated 
seedlings depicted the GFP signal in specific speckles of the nucleus (Fig. 21 B). These 
data confirm that the seedlings did not perceive light during germination and the growth 
in darkness. Hence, it can be concluded that the pictures taken from the dark-grown 
samples represent signals truly depicting the situation during skotomorphogenesis. 
However, it cannot be excluded that light perceived during microscopy, might have 
triggered signaling cascades with faster kinetics than PHYB. 
Figure 21: Confocal imaging of seedlings carrying the pCaMV35S::PHYB:GFP construct. Seeds of 
the T1 generation were grown on ½ MS-media for 72 h in darkness, followed by 24 h incubation in 
darkness (A) or 24 h continuous white light (~30 µE) (B). Plantlets were stained with DAPI and PI and 
applied for confocal imaging. The pictures are false color pictures. Magenta: Auto-chlorophyll 
fluorescence, green: GFP signal, blue: DAPI staining, red: Propidium iodide staining, arrowheads 
indicate GFP speckles in the nuclei. 
 
In sum, it can be concluded that although difficult to identify, chloroplasts of the 
pavement cells do express PAP8. PAP8 could be detected in the epidermal layer and in 
mesophyll cells of etiolated and de-etiolated seedlings. In contrast, the isolation of the 
PEP-complex from etiolated mustard seedlings revealed only the presence of the core-
subunits 2, , ’ and ’’, while the PEP-complex of de-etiolated seedlings contained 
the core-proteins as well as the PAPs (Pfannschmidt et al., 2000; Steiner et al., 2011). 
Therefore it is likely that the PAPs are expressed already during skotomorphogenesis, 
but the assembly to the PEP-core occurs just at the moment of illumination in order to 
transcribe the photosynthesis genes and to initiate the chloroplast formation. This 
corresponds to the very rapid build-up of chloroplasts (Pogson and Albrecht, 2011). 
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However, minor amounts of PEP-A complexes were detectable also in preparations 
from etioplasts (Pfannschmit and Link, 1994) but to varying degrees, depending on 
preparations (Pfannschmidt, personal communication). 
 
4.4.2.4 Characterization of the phenotype of the pap8-1 mutant 
The knockout mutant pap8-1 (Supp. Fig 7 A) displayed the typical features of a PAP-
deficiency. The homozygous pap8-1 is albino and abort at the cotyledon stage if not 
grown on media supplemented with sugar (Supp. Fig. 7 B, left). In addition the 
homozygous plants were much smaller than the wild type of the same age. Plants grown 
on ½ MS-media, containing 3% sucrose under very low light conditions (~10 µE), 
however, could be grown until the flowering stage (Supp. Fig. 7 B, right). The plants 
started to abort after flowering and did not set seeds. The abortion was most likely not a 
direct effect of the defects in pap8-1 alleles, but rather due to the in vitro growth 
conditions, because the wild type controls displayed the same behavior. Thus, the 
principal photomorphogenic program up to the flower formation is not impaired in 
pap8-1. Whether homozygous pap8-1 would be able to set seeds and whether these 
seeds would be vital remains to be investigated. Nevertheless, these results indicate that 
the PAP deficiency and the lack of proper formation of chloroplasts can be rescued by 
the supply of exogenous sugars in order to provide the plant with sufficient energy for 
growth. In addition, the functionality of the photomorphogenic program in the mutant is 
not impaired. However, the requirement of very low growth light intensities implies that 
the plants are likely impacted in the protection against high light, e.g. by an impairment 
of quenchers of oxidative stress, such as xanthophylls.  
 
Another common feature described for pap-mutants is a decreased accumulation of 
class I (PEP-dependent) transcripts and a steady state or even increased levels of class II 
(NEP and PEP-dependent genes) and class III genes (NEP dependent genes) (Pfalz et 
al., 2006; Myouga et al., 2008; Arsova et al., 2010; Gao et al., 2011; Yu et al., 2013; 
Wimmelbacher and Börnke, 2014). In order to verify whether or not pap8-1 displays 
comparable patterns, wild type Arabidopsis thaliana Col-0 was harvested at different 
time-points prior and after illumination (72 h darkness and ¼ h, 1 h, 24 h and 72 h after 
illumination) and used for cDNA preparation. As control 24 h illuminated pap8-1 
homozygous mutants (Fig. 22) were used. The cDNAs were used for PCR in order to 
amplify the transcripts of plastid-encoded genes of class I (PSAA, PSBA, PSBK and 
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RBCL), class II (CLPP and NDHB) and class III (ACCD, RPOA and RPOB). EF1 and 
18S rRNA served as internal control. The samples were loaded on an agarose gel (Fig. 
22, left) and quantified with ImageJ. The values were normalized to the EF1 signals 
and the dark samples were arbitrarily set to 1 (Fig. 22, right).  
Figure 22: Expression analysis of plastid-encoded genes in wild type and pap8-1. Expression of genes 
belonging to class I (PSAA, PSBA, PSBK and RBCL), class II (CLPP and NDHB) and class III (ACCD, 
RPOA and RPOB) was tested by reverse transcriptase PCR. A time-course of expression was prepared for 
the wild type. Therefore plants were grown on ½ MS media for 72 h in darkness and then transferred to 
continuous white light (~30 µE). Plants were harvested at the indicated time-points and used for cDNA 
preparation. Pap8-1 was harvested after 24 h of illumination. 18S rRNA and EF1 served as loading 
control. Left: Agarose gels depicting the results of the PCR. Right: Bands of the agarose gels were 
quantified using ImageJ. Values were normalized to EF1. The relative transcript levels of the class I, 
class II and class III genes are depicted in the according graphics given in the right panel. D: 72 h 
darkness, p8: cDNA of the homozygous pap8-1 mutant. 
 
All tested genes were expressed in dark grown seedlings of Arabidopsis thaliana Col-0 
and displayed an increase upon illumination that lasted until 72 h of illumination, 
although the change of the transcript level was only up to ~0.5 fold (PSAA, PSBA, 
ACCD, RPOA and RPOB). NDHB increased by ~0.4 fold, RBCL and CLPP by ~0.2 
fold. PSBK stayed almost stable (Fig. 22). These results illustrate that the onset of light 
triggered the expression of a vast majority of plastid transcribed genes. When 
comparing the 24 h illuminated samples of Col-0 with pap8-1, many genes were 
impaired in their transcription. As expected class I genes, such as PSAA, PSBA and 
RBCL showed a reduced expression in the mutant, although PSBK does not seem to be 
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altered. The class II and III genes were usually stable or even increased in their 
expression, as seen for NDHB, RPOA and RPOB. These results are in accordance with 
the published macro-array data of ptac6/PAP8 (Pfalz et al., 2006). CLPP and ACCD 
were not tested in the macro-array of Pfalz et al., 2006. But in our experimental set-up 
they displayed a small decrease in the transcript level, which was also found in mirco-
array data of PAP7 (Grübler et al., unpublished data). Taken together pap8-1 exhibited 
all commonly accepted features of a pap-mutant.  
 
4.4.2.5 Complementation of the pap8-1 mutant 
Comparison of dark-grown and illuminated wild type cotyledons did not display 
differences of PAP8 protein-localization among epidermis and mesophyll cells, nor 
changes at the localization within cells or plastids were observable. These findings were 
in disagreement with the findings of the promoter::GUS constructs, which displayed an 
increased promoter activity in the mesophyll cells after 24 h of illumination. In order to 
prove that these discrepancies did not derive from the constructs themselves, the 
PAP8:GFP versions, driven either by the homologous promoter or by the constitutively 
active 35S promoter were used for a complementation of the homozygous pap8-1 
knockout mutant. Therefore, heterozygous pap8-1 mutants were stably transformed 
with the constructs PAP8:GFP, PAP8NLS:GFP, PAP8cTP:GFP or 
PAP8cTP/NLS:GFP driven either by the PAP8 promoter or the 35S promoter. 
Assumption of this approach was that the full-length version should complement the 
mutant phenotype, while the deletion of both, cTP and NLS should prevent correct 
localization and, hence, complementation. Deletion of either cTP or NLS would be of 
great interest in order to understand in which organelle PAP8 is essential for the 
induction of the phenotype. Such hemi-complementation was successfully applied in 
the case of MSH1, a protein dually located to plastids or mitochondria (Virdi et al., 
2016). Due to the assumption that the PAPs are required in the plastids for correct 
chloroplast formation, lack of the plastid-localized PAP8 was expected to lead to the 
albino phenotype and that the deletion of the cTP therefore prevented complementation. 
In contrast, a putative function of PAP8 in the nucleus was only predicted but not 
experimentally shown. Thus, selective PAP8 in the plastids would prove whether it is 
sufficient for rescuing or whether the nuclear PAP8 is also crucial for the greening of 
the plant. 
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The T1-generations of the transformants were selected for hygromycin-resistance, 
provided by the inserted PAP8:GFP constructs. Resistant plants were transferred on soil 
and genotyped for the presence of the PAP8:GFP construct, using the primer ortpF that 
binds to exon1 and oE3R that binds to exon3 of the PAP8 open reading frame and result 
in an application product of 282 bp, when amplified on the inserted PAP8:GFP 
construct. The amplicon of the genomic DNA had a size of 1228 bp due to the presence 
of the introns (Fig. 23 A). The presence of the T-DNA was tested with the primer ortpF 
and oLBb1.3, a primer that binds to the left border of the T-DNA of pROK2. If the T-
DNA was present, it was tested whether the plant had a heterozygous or homozygous 
background for the T-DNA insertion, using ortpF and op8i2_R that bind to the second 
intron of PAP8 open reading frame. In case the T-DNA was present on both alleles, no 
amplicon formation was expected, while heterozygous plants were expected to produce 
an amplicon (Fig. 23 A).  
 
Based on the fact that heterozygous pap8-1 mutant plants were transformed with the 
PAP8:GUS constructs it was possible that, dependent on the transformation rate, some 
proportion of the next generation being homozygous for the T-DNA insertion did also 
contain the PAP8:GUS construct. Unfortunately, for none of the eight constructs plants 
were obtained, that carried a PAP8:GFP construct and were homozygous for the T-
DNA insertion (sesquimutant; Tab. 4). However, for each construct several lines being 
double heterozygous for the construct and the T-DNA were found. Thus, in case of 
successful and complete complementation 3/16th of the T2 generation should be 
homozygous for the T-DNA and should contain the PAP8-construct according to 
Mendelian segregation. Due to the selection on hygromycin resistance, one quarter of 
the plants that did not contain a PAP8-construct were sorted out. Hence, out of the 
remaining plants that were then genotyped, one quarter should be homozygous for the 
T-DNA and contain the PAP8-construct. The search for such lines was focused on 
pPAP8::PAP8:GFP and pCaMV35S::PAP8:GFP transformants, since both constructs 
should be able to complement. More than 100 plants were tested for each genotype, but 
again only double heterozygous plants but no sesquimutant were identified. Hence, the 
constructs are not able to rescue the pap8-1 mutants.  
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Table 4: Examination of double heterozygous and sesquimutants after transformation of 
heterozygous pap8-1 mutants with PAP8-GFP versions or PAP8 without GFP tag. Imbibed and 
stratified T1 seeds were grown on ½ MS-media, containing 1% sucrose, 0.8% agar and 30 µg/ml 
hygromycin. Plants were grown for 1 week in far-red enriched light, to induce hypocotyl elongation 
followed by 3 weeks growth in white light (30 µE). Hygromycin resistant plants were transferred on soil 
and grown under long day conditions (16 h light / 8 h dark; ~70 µE) at 21°C and 60 % humidity. 
Genomic DNA was isolated from true leaves and used for genotyping. The presence of the T-DNA was 
confirmed using the primer ortpF/oLBb1.3. If the T-DNA was present, it was tested whether the T-DNA 
was on one or both alleles using the primer ortpF/op8i2_R. The insertion of the plasmid was tested with 
ortpF/oE3R. The number of the tested plants, the number of double heterozygous plants and the number 
of plants being homozygous for the T-DNA and heterozygous for the plasmid (sesquimutants) are 
depicted for each line. 
 
Since the PEP-A complex consists of many nuclear associated proteins that interact 
with each other it was possible that the C-terminal addition of a GFP in the construct 
could adversely affect the formation of a correct 3D-structure. This could result in the 
inability of the PAP8:GFP constructs to complement the mutant. In order to test this 
possibility, a pPAP8::PAP8 construct lacking the GFP was used and stably transformed 
into heterozygous pap8-1 mutants. Genotyping of 151 plants of the T1 generation 
revealed 36 double heterozygous plants. Three examples are depicted in Fig. 23 B and 
marked with an asterisk. In addition, 19 sesquimutants could be identified (Fig. 23 B; 
Tab. 4). These sesquimutants were genotyped twice with two independent samples of 
genomic DNA. All 19 sesquimutants developed normally. They were green and were 
able to grow on soil, without sucrose supplementation (Fig. 23 C). Thus, the open 
reading frame of PAP8 is appropriate and sufficient to fully complement the pap8-1 
mutant. Therefore, the inability of the PAP8:GFP constructs to complement the mutant 
phenotype most likely arose from an interference of the C-terminal GFP addition with 
the correct built-up of a proper PEP-complex. Furthermore, the chosen promoter region 
proved to be sufficient for the correct transcription of the open reading frame. 
Consequently, one can conclude that the results of the promoter activity analyses (see 
section 4.2. and 4.4.2.1) as well as of the protein localization (see section 4.4.1.2, 
  
plasmid 
name 
# of 
plants 
# of double 
heterozygous 
# of sesqui-
mutants 
pPAP8::PAP8NLS:GFP pKP17a 17 8 0 
pPAP8::PAP8cTP/NLS:GFP pKP18a 21 9 0 
pPAP8::PAP8cTP:GFP pKP19a 32 17 0 
pPAP8::PAP8:GFP pKP20a 39 9 0 
pCamV35S::PAP8NLS:GFP pKP31a 10 2 0 
pCamV35S::PAP8cTP/NLS:GFP pKP32a 11 7 0 
pCamV35S::PAP8cTP:GFP pKP33a 15 6 0 
pCamV35S::PAP8:GFP pKP34a 16 5 0 
pPAP8::PAP8 pBB389a 151 36 19 
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4.4.1.3 and 4.4.2.3) are valid and, therefore, represent a true expression behavior of 
PAP8. 
 
Figure 23: Complementation of pap8-1 with pPAP8::PAP8. T1 seeds were grown on ½ MS-media 
with 30 µg/ml hygromycin. Plants were grown for 1 week in far-red enriched light and 3 weeks in white 
light (30 µE). Hygromycin resistant plants were transferred on soil and grown under long day conditions 
(16 h light / 8 h dark; ~70 µE) at 21°C and 60 % humidity, before the genotyping. A Representation of 
the genomic DNA and the inserted plasmid, as well as the primers used for genotyping. B Agarose gels 
depicting the results of the genotyping. Upper row: the presence of the T-DNA was confirmed using the 
primer ortpF/oLBb1.3 Middle row: Homozygosity for the T-DNA was tested using the primer 
ortpF/op8i2_R. Existence of a band indicates heterozygous plants. Bottom row: The insertion of the 
plasmid was tested with ortpF/oE3R. The number of the flat and position of the individual plant within 
the flat is indicated on top of the agarose gel pictures. Asterisks indicate double heterozygous plants. C 
Phenotype of the complemented plants. 
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5 Discussion 
Expression profiles from database searches implied the possibility of spatial and 
temporal co-expression of the PAP genes (Fig. 3, Supp. Fig. 1, Steiner et al., 2011; 
Pfannschmidt et al., 2015). However, up to now all accomplished studies focused only 
on individual PAPs and considered just a few time-points or plant organs (Yagi et al., 
2012; Pfalz et al., 2006; Garcia et al., 2008; Myouga et al., 2008; Chen et al., 2010; 
Gao et al., 2011; Yu et al., 2013; Wimmelnacher and Börnke, 2014). Hence, a 
systematic spatial and temporal resolution of the expression patterns of the PAPs 
throughout the life cycle of the plant was not available at the beginning of this work. 
Furthermore, due to different experimental set-ups in the various studies a conclusion 
on potential co-expression of the PAPs was impeded. Within the frame of this thesis, a 
detailed expression catalogue was compiled that describes organ and tissue specific 
transcription activity of three PAP genes (PAP2, PAP5 and PAP8) at distinct time-
points throughout the life cycle of Arabidopsis thaliana based on promoter::GUS-
experiments (Fig. 7-11, Fig. 17 and Fig. 18). This approach allowed for the first time an 
experiment-based elucidation of the potential co-expression of PAPs and their spatial 
and temporal resolution. 
 
In addition database searches predicted potential dual targeting of halve of the PAPs to 
nucleus and plastids (Pfannschmidt et al., 2015). The predictions were strengthened by 
observations that PAP5/pTAC12/HEMERA was localized to both cell organelles (Chen 
et al., 2010). This thesis aimed to examine the protein localization of the enigmatic 
PAP8. Furthermore, an emphasis was put on the spatio-temporal resolution of PAP8 
transcripts and protein accumulation upon etioplast-to-chloroplast transition. 
 
5.1 Impact of the PAPs on the chloroplast formation 
Typically pap-mutants exhibit an ivory/albino phenotype and display down-regulation 
of transcript accumulation of class I (PEP-dependent) genes, while class II (PEP+NEP-
dependent) and class III (NEP-dependent) genes are unchanged or up-regulated (Pfalz et 
al., 2006; Myouga et al., 2008; Arsova et al., 2010; Chen et al., 2010; Gao et al., 2011; 
Gilkerson et al., 2012; Yagi et al., 2012; Yu et al., 2013; Wimmelbacher and Börnke, 
2014). The T-DNA inactivation mutant pap8-1 displayed all these typical features of 
PAP-deficient mutants (Supp. Fig. 7; Fig. 22). The phenotypic deviation derived solely 
from the lack of PAP8, as implicated by the complementation of pap8-1 with the 
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pPAP8::PAP8 constructs (Tab. 4; Fig. 23). Furthermore, the ability to complement the 
mutant phenotype with the pPAP8::PAP8 construct confirms that the chosen promoter 
region and the open reading frame are appropriate and sufficient to fully complement 
the pap8-1 mutant. Thus, one can conclude that the results obtained with the promoter 
activity analysis (Figs. 7, 9, 10, 17 and 18) and the protein localization analysis 
(Figs.14, 15 and 20) are valid and, therefore represent a true expression behavior of 
PAP8. However, the pPAP8::PAP8:GFP construct was not able to rescue the mutants 
(Tab. 4). This is consistent with findings of Chen et al., 2010, who could not rescue 
pap5-mutants by complementation with a PAP5:GFP fusion construct, while a PAP5 
construct alone could complement. The inability of PAP:GFP fusion constructs to 
complement the respective inactivation mutants derives most likely from steric 
hindrance by the C-terminal GFP, which might either prevent the proper formation of 
the PEP-A complex or yield in the de-stabilization of it. In this context the PAP-
proteins seems to have a minor role for the PEP-A activity, since complementation of 
pap6 and pap8-mutants with the gene constructs encoding mutated, functionally 
inactivated proteins were still able to rescue the mutant phenotype (Wimmelbacher and 
Börnke, 2014). These data strongly suggest that the complex stability is a crucial 
determinant of PEP activity, which can be compromised by the addition of PAP-GFP 
fusion proteins. 
 
Despite the ivory phenotype of pap8-1, homozygous mutant seedlings developed 
normally and underwent photomorphogenesis upon illumination, including opening of 
the apical hook, repression of the hypocotyl elongation and opening of the cotyledons 
(Supp. Fig. 7 B). Although lethal when grown on soil, pap8-1 was able to grow 
normally and to produce flowers, when the medium was supplemented with sucrose and 
the light intensities were reduced to dim light (Supp. Fig. 7 B). Hence, the 
morphogenesis of the seedling is not impaired by the lack of the PAPs, but the 
formation of chloroplasts is strongly affected as demonstrated in electron micrographs 
for the inactivation mutants of pap2, 4, 5, 6, 7, 9, 10 and 12, whose plastids lack a 
thylakoid membrane system and contain large vesicles and plastoglobuli (Pfalz et al., 
2006; Myouga et al., 2008; Arsova et al., 2010; Gao et al., 2011; Gilkerson et al., 2012; 
Yu et al., 2013).  
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All above-mentioned defects appear to be directly or indirectly caused by the impaired 
plastid transcription machinery. In the first place PEP-deficiency induces two major 
defects: (I) reduced accumulation of class I gene transcripts and (II) reduced 
accumulation of tRNAs. The class I transcripts cover the plastid-encoded 
photosynthesis genes (Hajdukiewicz et al., 1997; Pfalz et al., 2006; Myouga et al., 
2008; Arsova et al., 2010; Yagi et al., 2012; Yu et al., 2013; Gao et al., 2014). Reduced 
transcript accumulation, therefore, has a direct and negative impact on the build-up of 
the photosynthetic machinery. Decreased tRNA levels diminish translation of plastid-
encoded proteins (Williams-Carrier et al., 2014). Both effects together result in the 
absence of a functional photosynthesis apparatus and subsequently prevent 
photoautotrophic growth of the mutant. Reduction of the tRNA levels by inactivation of 
PEP has also an impact on tetrapyrrole biosynthesis as it reduces the accumulation of 
glutamyl-tRNA trnE, which depicts the starting point of the tetrapyrrole-biosynthesis. 
This causes a lack of chlorophylls and thus results in the ivory phenotype of the mutant  
(Tanaka and Tanaka, 2007; Gao et al., 2011; Williams-Carrier et al., 2014). However, 
apparently sufficient amounts of phytochromobilin, the tetrapyrrole precursor of the 
chromophore of phytochromes can be generated as the mutants display a normal 
photomorphogenesis that implies proper phytochrome activation. Likely minor amounts 
of tRNAs are available by read through transcription of the NEP enzyme, which 
however, cannot fulfill the high demand for chlorophyll biosynthesis. 
 
Additionally, the lack of chlorophyll a (Chl a) may influence the import machinery, 
since it was discussed that import of LHCB proteins could depend on the binding of Chl 
a and the subsequent transformation into chlorophyll b (Chl b) by the chlorophyllide a 
oxidase (CAO; Oster et al., 2000; von Wettstein, 2001; Dietzel et al., 2009). These 
models are still under debate and further experimentation will be necessary to 
demonstrate their validity unequivocally. Nevertheless, impairment of chlorophyll 
dependent import would add another mechanism being in line with an albino phenotype 
of the pap-mutants. Furthermore the formation of thylakoids is dependent on the 
presence of chlorophylls as well as the presence of the thylakoid membrane lipids 
monogalactosyldiacylglycerol (MGDG) and digalactosyldiacylglycerol (DGDG) (Frick 
et al., 2003; Kobayashi et al., 2007; Kobayashi et al., 2013). Thus, the lack of 
chlorophylls influences the formation of a proper thylakoid membrane system.  
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The synthesis of chlorophylls form a key-event during the chloroplast formation. 
However, the enzyme protochlorophyllide oxidoreductase (POR) that converts 
protochlorophyllide to chlorophyllide is light dependent activated in angiosperms. Thus, 
different then in gymnosperms, angiosperms can green only upon illumination (Hills et 
al., 2015). Hence, if chlorophyll is a limiting factor, a mutant that undergoes 
photomorphogenesis in the darkness, should show comparable features as light-grown 
pap-mutants. Dark-grown photomorphogenesis mutants of the cop / det / fus class 
display a repression of hypocotyl elongation and opened cotyledons (Deng and Quail, 
1992; Wei et al., 1994; Kwok et al., 1996; Osterlund, 1999; Ma et al., 2002; Cheng and 
Chorey, 2011). Furthermore, these mutants exhibit increased expression of light 
regulated, nuclear-encoded and plastid-encoded genes in the darkness (Wei et al., 1994; 
Christopher and Hoffer, 1998; Hills et al., 2015). Interestingly, the plastids of cop / det / 
fus mutants resemble plastids of the pap-mutants; they contain no or just poorly 
developed internal membrane systems with large vesicles and plastoglobuli (Deng and 
Quail, 1992; Wei et al., 1994; Kwok et al., 1996; Sperrling et al., 1998; Rohde, 2000). 
The plastids of POR-mutants that are highly chlorophyll-deficient, therefore are 
expected to exhibit the same or similar characteristics as the pap and cop / det / fus 
mutants. While this assumption is true for the porB-1 mutant, porA, porC-1 and porB-1/ 
porC-1 do contain internal membrane systems that partially resemble prolamellar 
bodies (Lebedev et al., 1995; Frick et al., 2003; Paddock et al., 2010; Paddock et al., 
2012). Thus, chlorophylls seems to have a crucial but not a solely role in the proper 
thylakoid formation.  
 
Although never measured, it was hypothesized that the cop / det / fus mutants might be 
affected in MGDG and DGDG content (Kobayashi et al., 2014). The MGDG-deficiency 
due to the knockout of MGD1, an enzyme that catalyzes the synthesis of MGDG from 
diacylglycerol (DAG) results in plastids with an impaired thylakoid formation 
(Kobayashi et al., 2007; Kobayashi et al., 2013). Thus the combination of chlorophyll 
and MGDG/DGDG-deficiency might explain the severe disturbances in plastid 
membrane formation of the cop / det / fus and pap-mutants, while each chlorophyll or 
MGDG-deficiency alone do not cause such strong effect in the plastids. However, a link 
between the transcriptional deficiency in pap-mutants and the formation of MGDG and 
DGDG is not yet identified. One possibility could be the plastid-encoded protein 
YCF1/TIC214 that is involved in the plastid import machinery (Kikuchi et al., 2013; 
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Nakai, 2015). It might be possible that a lack of YCF1 due to the transcriptional 
deficiency in pap-mutants impairs the import of the nuclear-encoded enzymes MGD1 
and DGD1, which in turn results in MGDG/DGDG-deficiency. However, this 
hypothesis requires experimental proof. In summary, the malfunction of the PEP-A 
complex due to a lack of PAPs results in multifactorial dysfunctions, including a 
deficiency in photosynthesis-associated proteins, chlorophylls and MGDG/DGDG that 
end up in a block of chloroplast biogenesis and a subsequent albino phenotype that 
becomes lethal without sucrose-supplementation.  
 
5.2 Establishment of a PAP-expression catalogue 
5.2.1 pPAP2::GUS, pPAP5::GUS and pPAP8::GUS are suitable marker lines 
For the preparation of a PAP-expression catalogue pPAP::GUS constructs were 
designed and their transcriptional activity tested by transient expression assays in onion 
epidermal cells (Fig. 4), before stable transformation into Arabidopsis thaliana. The 
selection of suitable Arabidopsis pPAP::GUS lines occurred on the basis of: (1) strong 
and consistent GUS-expression in the respective marker line and (2) the existence of 
several individual transformants that displayed similar expression patterns, thus 
avoiding a spurious expression that could arise due to the locus of insertion. Analyses of 
the T2 generation revealed three groups displaying (I) no GUS-expression (PAP4, 9 and 
10),  (II) low GUS-expression (PAP1, 3, 6 and 7) or (III) strong GUS-expression 
(PAP2, 5 and 8) (Fig. 6). The lack of a detectable GUS activity for PAP4 and PAP9 was 
maybe caused by missing regulatory elements in the used promoter or very weak 
transcriptional activity, because Myouga et al., 2008 could show GUS-expression for 
PAP4, using a promoter::GUS constructs that was 1.36 kb larger than the one used 
here. The size difference is based on a FIRE-algorithm analysis that predicted the 
potential regulatory cis-element with the core-sequence HMWAGCTCV within the first 
300 bp upstream of the TIS. Thus, in this study the promoter region of PAP4 was 
chosen to comprise only the predicted cis-element (Supp. Tab. 1; Fig.  4), which 
however, appears not to be sufficient. The missing GUS-expression for PAP10 cannot 
be explained by missing elements, because Wimmelbacher and Börnke 2014 used a 416 
bp smaller pPAP10::GUS construct with which they observed very faint expression in 
the cotyledons of 1-week-old plants that developed the first two true leaves. In contrast, 
the construct used here displayed GUS-expression only in 1 out of 23 lines. An 
explanation for the low amount of GUS-expressing transformants might be the 
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occurrence of co-silencing events. Thus, the pPAP10::GUS lines did not display robust 
expression and consequently were not valid for expression analysis.  
 
The expression pattern within group II and III was similar: the GUS-expression was 
restricted to the cotyledons of 4 h illuminated seedlings (Fig. 6). This observation is in 
accordance with previous promoter::GUS studies, where GUS expression was also 
found specifically in the cotyledons of young seedlings (Myouga et al., 2008; Chen et 
al., 2010; Wimmelbacher and Börnke, 2014). According to the selection criteria 
pPAP2::GUS, pPAP5::GUS and pPAP8::GUS where most convenient und thus, they 
were chosen for the preparation of the PAP-expression catalogue.  
 
5.2.2 Roots do not express PAPs under physiological conditions 
The principle hypothesis about PAP expression is that their proper expression serves as 
a prerequisite for chloroplast formation. Roots as well as the hypocotyl of Arabidopsis 
thaliana contain mainly leucoplasts (Liebers et al., 2017), hence strong PAP-expression 
could be not required in these tissues. Indeed, promoter::GUS experiments revealed that 
PAP2, PAP5 and PAP8 are not expressed in roots and hypocotyl (Fig. 6; Fig. 7). These 
data are consistent with previous studies. A pPAP5::GUS study with a 2.3 kb larger 
promoter region then the one used for the expression catalogue yielded similar results 
(Chen et al., 2010). Furthermore, expression data based on real-time PCR confirmed 
that roots do not express PAP2, PAP5 and PAP8 (Pfalz et al., 2006). Interestingly also 
PAP4, 6, 7, 9, 10 and 12 are almost not expressed in the root tissue (Myouga et al., 
2008; Gao et al., 2011; Yu et al., 2013; Wimmelbacher and Börnke, 2014). However, 
the expression of the PAP genes in roots and hypocotyl is not fully excludable. Plant 
species from Asteraceae and Solanaceae, such as Acmella oppositifolia and Datura 
innoxia do posses green, photosynthetic roots (Flores et al., 1993). Hence, in general it 
appears that roots have the capability to form chloroplasts and therefore may express 
PAP genes. Indeed, a few studies report the presence of some chloroplasts in roots and 
hypocotyl of illuminated seedlings of Arabidopsis thaliana (Jin et al., 2001; Usami et 
al., 2004; Hermkes et al., 2011; Kobayashi et al., 2012). The chloroplast formation and 
the greening is strongly enhanced in cop1 or det1 mutants (Chorey and Peto, 1990; 
Deng and Quail, 1992), while it does not occur in hy5 mutants (Oyama et al., 1997, 
Usami et al., 2004). Consequently COP1 and DET1 are not only involved in the 
repression of photomorphogenesis and the chloroplast formation due to inhibition of 
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HY5 in the darkness, but also in roots under illumination (Quail, 2002; Usami et al., 
2004; Lopez-Jues and Pike, 2005; Kobayashi et al., 2012). Furthermore, it was 
demonstrated that cytokinin can promote root greening, via activation of not only HY5, 
but also the golden like 2 (GLK2) transcription factor, GATA nitrate-inducible carbon-
metabolism-involved (GNC) and cytokinin-responsive GATA1 (CGA1), while auxin 
works antagonistically (Chiang et al., 2012; Kobayashi et al., 2012). In sum, these data 
imply that the set-up of chloroplasts is actively repressed in roots and hypocotyls and, 
therefore, it is likely that also the PAP-expression is actively repressed.  Consequently it 
seems that based on the organ identity chloroplast formation is either actively repressed 
(roots, hypocotyl) or the repression is released (cotyledons, leaves) due to the interplay 
between light- and hormone-dependent signaling pathways (Kobayashi et al., 2012; 
Liebers et al., 2017). In future experiments it would be interesting to test the connection 
between these signaling cascades and the PAPs by examining PAP-expression in 
cytokinin and auxin treated plants or corresponding mutants. 
 
5.2.3 PAP-expression in flowers is restricted to photosynthetic tissue 
Flower buds, as well as flowers and siliques displayed GUS-expression (Fig. 9). This 
was confirmed by previous studies, on PAP2, 4, 5, 8, 9 and 12 (Pfalz et al., 2006; 
Myouga et al., 2008; Gao et al., 2011; Yu et al., 2013). A more detailed analysis of 
pPAP2::GUS, pPAP5::GUS and pPAP8::GUS revealed that flowers exhibited 
transcriptional activity of the promoter::GUS constructs in the sepals, and partially in 
filaments of the stamen and the carpel, while petals and anthers with pollen did not 
exhibit GUS expression (Fig. 9). This is in accordance with the finding that young 
petals of unopened flower buds contain chloroplasts that turn into leucoplasts in fully 
developed petal blades (Pyke and Page, 1998). This demonstrates that expression of 
PAP genes strongly correlates with chloroplast containing, green tissue and that upon 
differentiation to other plastid forms, such as leucoplasts PAP-expression vanishes. This 
observation is consistent with the absence of PAPs in hypocotyl and roots. 
 
5.2.4 PAP-expression and translation occurs during skotomorphogenesis 
Biochemical data suggested that PAPs promote the transformation of etioplasts into 
chloroplasts upon illumination, involving a rapid formation of the PEP-A complex 
(Pfannschmidt and Link, 1994). However, the regulation of PAP genes remained 
elusive and the question arose whether PAP-expression is light induced. In order to 
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address this issue analyses of the promoter::GUS lines during the transition from skoto-
to photomorphogenesis were performed. Transcriptional activity of pPAP2::GUS, 
pPAP5::GUS and pPAP8::GUS was detectable within seeds and dark-grown seedlings 
(Fig. 7). These data are consistent with previous examinations of the transcripts of 
PAP1, PAP5, PAP7 and PAP12 within dark-grown tissue (Chen et al., 2010; Gao et al., 
2011; Yagi et al., 2012; Yu et al., 2013), thus demonstrating that transcription and 
transcript accumulation are independent of the light trigger. However, expression seems 
to be specifically restricted to the tissue that is prone to become photosynthetic, since 
GUS-expression appeared even in non-illuminated seedlings specifically in the 
cotyledons (Fig. 7). Interestingly, the protein level reflects the same pattern; the PAP8-
GFP fusion protein was detectable in etiolated cotyledons (Fig. 20 A and E). However, 
preparations of the soluble RNA polymerase demonstrated that the PEP of etiolated 
seedlings consists only of the PEP-core proteins, while in illuminated seedlings the 
sRNAPase contained also PAP-proteins (Pfannschmidt and Link, 1994; Pfannschmidt 
and Link, 1997; Steiner et al., 2011). Hence, the presence of PAP8-GFP in etiolated 
cotyledons prompts to the conclusion that the association of the PAPs to the PEP-core, 
is light-dependent rather then their expression. This might include post-translational 
modifications of the PEP-core (Steiner et al., 2011; Pfalz and Pfannschmidt, 2013). 
These conclusions are in accordance with the finding that the etioplast-to-chloroplasts 
transition is very rapid (within hours; Pogson and Albrecht, 2011), hence a rapid 
formation of the PEP-A complex is required in order to transcribe all required 
photosynthesis genes within this short time frame.  
 
5.2.5 PAP-expression occurs in newly formed photosynthetic tissue 
Upon illumination of etiolated seedlings expression of pPAP2::GUS, pPAP5::GUS and 
pPAP8::GUS displayed a transient increase (15 min time-point in Fig. 7), before 
decreasing even under the level of dark-grown seedlings (24 h-time point in Fig. 7). 
Comparable results were found at the transcript level of PAP1 to PAP10, although the 
transient peak was less dominant for PAP 3, 5 and 10 (Fig. 8). These data are consistent 
with previous studies, which demonstrated that the expression of PAP7 and PAP12 
increased slowly upon illumination and decreased after 24-72 h (Gao et al., 2011; Yu et 
al., 2013). Interestingly, Yagi et al., 2012 could demonstrate in case of PAP1 that not 
only the transcript but also the PAP1 protein displayed a light-induced increase, thus 
indicating a correlation between transcript and protein accumulation.  
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The diminished GUS-expression after the transient peak became even more dominant in 
older photosynthetic tissue: while GUS-expression of pPAP2::GUS, pPAP5::GUS and 
pPAP8::GUS was still detectable in young rosette leaves, older or senescent rosette 
leaves did not show any GUS-expression. These findings are consistent with studies on 
pPAP6::GUS and pPAP10::GUS exhibiting reduced GUS expression in 3-week-old 
rosette plants, which vanished completely in 6-week-old rosette plants of Arabidopsis 
thaliana (Wimmelbacher and Börnke, 2014). Hence, the transcript as well as the protein 
accumulation of the PAPs increases upon illumination, likely to allow for rapid and 
efficient expression of photosynthetic genes required for the biogenesis of chloroplasts. 
However, after ~24 h of illumination the majority of chloroplasts are formed and the 
organelle biogenesis is completed (Liebers et al., 2017), hence the demand for 
photosynthesis gene expression is reduced. This correlates with the finding that also 
photosynthesis associated gene transcripts of maize increase rapidly upon illumination 
and decrease after 20 h to 44 h to pre-illumination levels (Rodermel and Bogorad, 
1985). Furthermore, also the transcription of plastid genes was found to be reduced in 
older barley and Arabidopsis leaves (Mullet and Klein, 1987; Baumgartner et al., 1989; 
Zoschke et al., 2007) and the protein output of most maize plastid genes declines, ones 
the photosynthetic apparatus is developed (Chotewutmontri and Barkan, 2016). Thus 
after completing chloroplast biogenesis the PEP-A complex appears to be more relevant 
for the maintenance of the chloroplast and, therefore, a small portion of the complex 
might be sufficient for that function. This assumption correlates with the observation 
that also the overall-function of the nucleoid changes from RNA-metabolism and ROS-
quenching in proplastids to homeostasis and DNA repair in chloroplasts (Majeran et al., 
2011), supporting the hypothesis that the transcription machinery of fully developed 
chloroplasts is mainly involved in maintenance of the status quo. It should be, however, 
noted that nothing is known about the stability of the PEP-A complex. Therefore, its 
turnover rate remains to be elucidated.  
 
5.2.6 PAP-genes are transcribed during embryogenesis 
Transcription of pPAP2::GUS, pPAP5::GUS and pPAP8::GUS constructs was 
detectable throughout the full embryo development, starting in the ovule and continuing 
until the formation of the bent cotyledon. However, GUS staining was strongest in 
PAP5, while PAP2 and PAP8 depicted a fainter blue staining (Fig. 10). Comparable 
results were obtained from in-silico analyses of microarray-data (Belmonte et al., 2013; 
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Kremnev and Strand, 2014). Expression of PAP1 to PAP11 from the preglobular stage 
up to the mature cotyledon was also found in these studies. Furthermore PAP1, 3, 5, 6 
and 10 exhibited much stronger expression than PAP2, 4, 7, 8 and 9 (Kremnev and 
Strand, 2014). Thus, the microarray data are comparable to the results with the 
promoter::GUS constructs presented here. A reason for the different strength in 
expression of the PAP genes remains elusive. It cannot be excluded that these variances 
might be equalized at the protein level, for instance, it is possible that some PAPs have 
lower protein stabilities and that their maintenance requires a higher turnover rate. 
Indeed, PAP5 that showed highest transcriptional activity and expression rates (Fig. 10, 
Kremnev and Strand, 2014) contains a PEST-domain, which is a signature of short-
lived proteins (Chen et al., 2010).  
 
The two studies describe independently the expression of the PAP genes in the embryo 
at different developmental stages. These results fit to the discovery that during 
embryogenesis in Arabidopsis the embryo of the globular stage up to the bent cotyledon 
forms chloroplasts and turns green (Le et al., 2010; Tejos et al., 2010; Allorent et al., 
2013; Allorent et al., 2015; Liebers et al., 2017). The presence of PAP-transcripts prior 
and during the greening of the embryo is in accordance with the assumption that the 
PAP proteins are crucial for proper formation of the plastid-encoded RNA polymerase 
and, hence, the formation of chloroplasts. This assumption is further strengthened by 
the observation that homozygous PAP7 or PAP8-deficient embryos appear albino, 
which can be observed in growing siliques of the respective heterozygous pap-mutant 
(Supp. Fig. 8). The deletion of PAPs apparently perturbs the proper chloroplast 
formation and the greening of the embryo generating albino seeds. The importance of 
chloroplasts for the embryo was recently demonstrated by delayed germination and 
shortening of seed storability, when photosynthesis in siliques was chemically inhibited 
(Allorent et al., 2015). As a consequence the lack of any PAP will negatively influence 
the fitness of the seed. 
 
Apart from the common temporal expression of the PAPs, some specific differences in 
the spatial expression were observable. While the pPAP5::GUS construct was 
expressed in all tissues throughout the embryo development, the pPAP2::GUS and 
pPAP8::GUS constructs displayed expression in the endosperm of the ovule and at the 
globular stage. In following developmental stages expression was confined almost 
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exclusively to the embryo itself (Fig. 10). These results are consistent with microarray 
data (Supp. Tab. 3 based on the data of Belmonte et al., 2013). While the seed coat 
barely expressed the PAPs throughout embryogenesis, the endosperm showed PAP-
expression, predominantly in earlier stages of embryo development with decreasing 
levels starting from the heart stage (Supp. Tab. 3 based on the data of Belmonte et al., 
2013). The spatial differences in the transcriptional activity of PAP2, PAP5 and PAP8 
caused by the level of detection: since PAP2 and PAP8 show lower transcriptional 
activity and less transcripts than PAP5 (Fig. 10; Kremnev and Strand, 2014) it cannot be 
excluded that their expression remains under the level of detection and the respective 
tissues appear to be free of GUS-expression. Nonetheless, differences due to gene 
specific expression are likely, since the PAPs encompass multiple different functions 
that might effect spatial and temporal expression. However, the expression pattern of 
the PAPs within the endosperm and the seed coat brings up the question whether or not 
these tissues are also photosynthetically active during embryogenesis. It is commonly 
accepted that the seed coat protects the embryo, while the endosperm stores starch that 
was transferred from the mother plant (Radchuk and Borisjuk, 2014; Shaik et al., 2014). 
So far photosynthesis was demonstrated only for the embryos itself (Allorent et al., 
2015). However, during the embryo development the whole seed becomes green, 
starting already 5 days after fertilization (~ globular stage; Le et al., 2010; Allorent et 
al., 2013). In these early phases of embryogenesis the embryo itself does not occupy the 
whole seedling. Thus, it is likely that the greening of the seed derives not only from the 
embryo, but also from the endosperm and/or the seed coat. Indeed, photosynthetic 
activity was observed in the seed coats of pea and barley (Tschiersch et al., 2012; 
Radchuk and Borisjuk, 2014). It was hypothesized that photosynthesis provides oxygen 
to the otherwise hypoxic tissues and, therefore, enhances the formation of starch, which 
is partially dependent on the supply of oxygen (Gifford and Bremner, 1981; Radchuk 
and Borisjuk, 2014). 
 
In sum, the PAP expression catalogue provided here brings new, experiment-based 
insights into the spatial and temporal expression of the PAPs throughout the life cycle 
of the plant. Most importantly PAP-expression is restricted to tissues that are prone to 
become photosynthetic (e.g. ovule, very young embryos, etiolated cotyledons) or 
recently became photosynthetic (de-etiolated cotyledons, young rosette leaves, sepals, 
carpel), while non-green tissues, such as roots, the hypocotyl and petals do not or not 
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anymore exhibit PAP-expression. These findings demonstrate that the PAP-expression 
and the subsequent chloroplast formation are highly determined by the organ/tissue 
identity and might most likely be actively repressed in non-photosynthetic tissues as 
suggested by Kobayashi et al., 2012.  
Besides, the results of the expression analysis demonstrate that at least PAP2, PAP5 and 
PAP8 display high correlation in their transcriptional activity, supporting the 
assumptions that PAP genes represent a regulon. 
 
5.3 TGWYGY is the potential regulatory element of the PAP8-promoter and 
is recognized by bZIP-transcription factors 
The common regulation of the PAPs implied the potential existence of a common 
regulatory cis-element in their promoters. Based on the analysis of the transcriptional 
activity of several truncated PAP8-promoter versions and the use of prediction 
programs, the potential regulatory element with the sequence TGWYGY was identified 
and its involvement in the gene expression of PAP8 was approved by site-directed 
mutagenesis (Fig. 12). The identified cis-element shows similarities to the ACGT motif 
that can be found in A-box (TACGTA), C-box (GACGTC) and G-box (CACGTG) and 
the C-box like motif TGACG (Cheong et al., 1998; Jakoby et al., 2002; Nijhawan et al., 
2008; E.,Z.G. et al., 2014). This allowed the use of prediction tools in order to identify 
potential transcription factors that might bind to this regulatory element. Interestingly 
mainly bZIP transcription factors were predicted by this approach (Supp. Tab. 4). One 
interesting candidate among them is HY5, which is known to be crucial for the 
induction of photomorphogenesis by controlling the expression of HY5 target genes, 
like early light-responsive genes and other transcription factors (Oyama et al., 1997; 
Quail, 2002; Eckardt, 2007; Lee et al., 2007b; Li et al., 2011). Interestingly, the 
transcript accumulation of HY5 during the transition from skoto-to photomorphogenesis 
displays high similarities to the pattern of PAP-transcript accumulation (Fig. 8), thus 
affirming HY5 as a potential regulator of the PAPs. However, HY5 was shown to be 
degraded in darkness due to direct interaction with COP1 and the ubiquitin ligase E3 
(Ang et al., 1998; Osterlund et al., 2000; Saijo et al., 2003), while PAP8 is well 
expressed and translated in etiolated cotyledons (Fig. 20 A and E). This most likely 
disqualifies HY5 as the responsible regulator of basal PAP gene expression in dark-
grown tissues. However, it might be well involved in the transient peak of expression 
after illumination. Transcription of PAP8 by HY5 would provide an additional level of 
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regulation, mediated by light, which could lead to the transient increase (Fig. 8). This 
implies that PAP expression is likely controlled by two regulation pathways, one 
connected to basal developmental programs and one connected to the onset of 
photomorphogenesis.  
 
Another transcription factor potentially involved in PAP regulation is the auxin 
response transcription factor (ETT/ARF3) that was demonstrated to be involved in 
many diverse functions, such as organ patterning, stabilization of leaf adaxial-abaxial 
partitioning and floral meristem determinacy (Kelley et al., 2012, Cheng et al., 2013; 
Iwasaki et al., 2013; Liu et al., 2014; Simonini et al., 2016). The hormone auxin was 
demonstrated to repress photomorphogenesis by destabilizing HY5 and by repressing 
the transcription of GLK2 (Kobayashi et al., 2012). Hence, it is possible that during 
skotomorphogenesis auxin might mediate also the expression of the PAPs via ETT. 
However mutants lacking HY5 or ETT/ARF3 did not display albino phenotypes (Lee et 
al., 2007b; Takahshi et al., 2013), thus HY5 and ETT are either not the appropriate or 
sole transcription factor binding to the PAP8 promoter or they can be replaced by other 
transcription factors. Many transcriptions factors of the bZIP family have the ability to 
form heterodimers with other family members to increase the DNA-binding repertoires 
(Pogenberg et al., 2014). Furthermore, different members of the plant bZIP family have 
often overlapping binding site preferences (Martinez-Garcia et al., 1998), which 
increases the complexity and, therefore, complicates predictions. Hence, further 
analyses are indispensible in order to approve the transcription factors interacting with 
the PAP8 promoter. This task is addressed by Dr. Robert Blanvillain. A dual luciferase 
reporter assay using the pPAP8::LUC construct and a vector containing HY5 yielded a 
4-fold increase of the bioluminescence in comparison to the controls, supporting the 
potential interaction of the PAP8 promoter and HY5. The potential interaction of HY5 
to the cis-element was further affirmed by electrophoretic mobility shift assays 
(EMSA), using the over-expressed HY5 and a 30 bp segment of the PAP8 promoter that 
contains the cis-element. Hence, these experiments indicate that HY5 is most likely a 
regulator of PAP8 gene expression.  
 
The pPAP2::GUS and pPAP5::GUS constructs offer the opportunity to further 
investigate whether HY5 interacts with other PAP promoters or if the interaction is 
specific to the PAP8 promoter. Furthermore, the Arabidopsis lines, carrying the 
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pPAP::LUC constructs (Supp. Tab. 5) allow for the set-up of a screen in order to 
investigate whether the transcription factor, binding TGWYGY is part of a group of 
transcription factors acting downstream of a “master regulator” of the PAPs expression 
and thus, provide additional information about a possible transcription factor-network 
that might regulate the transcription of all PAP genes. Hence, the preparation of two 
different pPAP::marker lines (pPAP::GUS and pPAP::LUC) that where designed in 
frame of this thesis provides potential tools to identify the regulation of the PAP-
expression by two distinct methods. 
 
5.4 PAP8 is dually localized to the plastids and the nucleus 
Dual-localization refers to proteins that can be located to any two locations, such as 
mitochondria and nucleus, chloroplasts and nucleus or mitochondria and chloroplasts 
(Schwacke et al., 2007; Carrie et al., 2009; Chen et al., 2010; Hammani et al., 2011; 
Isemer et al., 2012; Carrie and Whelan, 2013; Pfalz et al., 2015). In Arabidopsis around 
250 proteins were reported to be dually localized (Carrie and Whelan, 2013), however, 
the number of dually targeted proteins is continuously increasing, e.g. based on 
predictions half of the PAPs might be dually localized to the plastids and the nucleus 
(Pfannschmidt et al., 2015). Indeed, transient expression of PAP8-GFP and PAP12-GFP 
fusion proteins in onion epidermal cells confirmed their presence in both cell 
compartments (Fig. 13). In contrast, stable transformations of Arabidopsis thaliana with 
a PAP:GFP construct yielded GFP signals only in the plastids (Fig. 14). This can be 
caused either by a dominant role of the plastid transit peptide over the NLS or by a 
steric hindrance of correct localization by the fused GFP. A previous study on PAP5 
demonstrated that dependent on the placement of the GFP fusion, the organellar 
localization of the PAP5-GFP was different. While GFP added to the C- terminal end of 
PAP5 led to chloroplast localizations, a GFP at the N-terminus yielded signals in the 
nucleus (Chen et al., 2010). Likely the N-terminal fusion of GFP to PAP5 masked the 
cTP preventing its recognition by the import apparatus and resulting in the nuclear 
localization. Similar to the results of PAP5, also the cTP of PAP8 appears to be the 
dominant transit signal, because the use of the cTP deletion version of PAP8 
(PAP8cTP) resulted in a nuclear localization of PAP8 (Fig. 15). Hence, PAP8 has the 
potential of being nuclear localized, but the presence of a cTP directs the protein 
predominantly into the plastids. The results of the western-immuno-blotting (Fig. 16) 
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finally confirmed the dual localization of PAP8, even when only a small proportion 
could be traced in the nuclear fraction. 
 
Interestingly, the dominance of one transit signal over the other was demonstrated also 
for other proteins, such as PNM1 (PPR protein localized to the nucleus and 
mitochondria 1) (Hammani et al., 2011). PNM1 is dually targeted to the mitochondria 
and the nucleus. However, the mitochondria localization is prioritized and only the 
mitochondrial version is able to complement the mutant phenotype (Hammani et al., 
2011). Hence, it is likely that the preferred place of function correlates with the 
dominance of the target sequence. However, a recent study on PAP5 demonstrated that 
its predicted NLS sequences are non-functional and that the nuclear localization of the 
mature PAP5 protein without cTP was strongly reduced, while the fusion of the cTP of 
RBCL to the mature PAP5 rescued the plastid and nuclear localization and the function 
(Nevarez et al., 2017). These date point to a model in which the protein is first localized 
to the plastids and subsequently re-localized to the nucleus. Interestingly the nuclear 
versions of PAP5 and PAP8 exhibit the same apparent molecular mass as the plastid 
version in SDS-PAGE (Chen et al., 2010; Pfalz et al., 2015; Nevarez et al., 2017, Fig. 
16). Hence, the nuclear version needed to be processed in the same way as the plastid-
localized protein. The required proteases exist only in plastids, which further supports 
the model of a potential trafficking of the cytosolically translated protein via the 
chloroplasts into the nucleus, a trafficking pathway proposed first for WHY1 (WHIRLY 
1). WHY1 is a protein of the TAC-complex (Pfalz et al., 2006) that was shown to be 
dually localized to chloroplasts and nucleus (Grabowski et al., 2008). Like PAP5 and 
PAP8, the nuclear and the plastid version of WHY1 displayed equal sizes and a 
trafficking via the plastids to the nucleus could be demonstrated by transformation of 
plastids with a HA-tagged WHY1 and a subsequent identification of the protein in the 
nucleus, using immunofluorescence or immunogold labeling technics (Grabowski et al., 
2008; Isemer et al., 2012). However, the concrete trafficking pathway remains 
unknown; a transport via the ER, stromules, vesicles or a release after disruption of 
plastids is under debate (Krause and Krupinska, 2009; Krause et al., 2012). In addition, 
it remains elusive whether the proteins are under all circumstances in both 
compartments. While WHY1 was found to be in both compartments within the same 
cell, confirmation for PAP5 and PAP8 is still lacking. It might be possible that the 
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protein is transferred to the nucleus only under certain circumstances, such as age or 
developmental triggers or even dependent on the cell-type. 
 
5.5 Epidermal expression of PAP8 
For a long time the epidermal layer of leaves was believed to be free of chloroplasts, but 
new findings suggest that the epidermis does contain some small chloroplasts (Pyke and 
Leech, 1994; Barton et al., 2016; Virdi et al., 2016). Because of the proposed 
requirement of PAP expression for chloroplast biogenesis expression of PAPs should be 
expected in the epidermal cells. Indeed, the pPAP2::GUS, pPAP5::GUS and 
pPAP8::GUS constructs were expressed in the epidermal layer (Fig. 17). Even more, 
during skotomorphogenesis and the first hours upon illumination promoter activity of 
the PAPs was found to be specifically restricted to the epidermis, while after 24 h of 
illumination GUS-expression was also strong in the mesophyll tissue (Fig. 18). This 
adds an unexpected and novel facet to the PAP expression pattern. However, PAP-
transcripts and PAP-GFP fusion proteins were found both, in the epidermis and the 
mesophyll cells, independent of skoto-or photomorphogenic growth (Fig. 19 and 20). 
One possible explanation for the observation is that the transcript itself is moving from 
the epidermal layer to the mesophyll cells. The cell-to cell traffic of transcripts was 
shown for the sucrose transporter SUT1. Protein and transcript of SUT1 were found in 
sieve elements of the phloem (Kühn et al., 1997). However, transcription of SUT1 
occurs in the companion cells of the sieve elements, as demonstrated by the use of a 
SUT1 antisense construct driven by a companion-cell-specific promoter (Kühn et al., 
1996; Kühn et al., 1997; Wu et al., 2002). Furthermore, SUT1:GFP mRNA was unable 
to translocate to the sieve cells and accumulated in the companion cells (Lalonde et al., 
2003), thus demonstrating the movement of the transcript. 
 
Another possibility would be that the low promoter activity observed in dark-grown 
mesophyll cells (Fig. 18) is sufficient to drive proper expression of the PAPs, e.g. by 
enhanced transcript and protein stabilization. Since preliminary data suggest that the 
transcript level is comparable between the epidermis and the mesophyll cells (Fig. 19), 
it could be that the transcript stability is lower in the epidermis and thus, promoter 
activity needs to be increased. These differential patterns of PAP-promoter activity 
might be linked to the tissue identity and the developmental state. Interestingly, the 
pattern of PAP-promoter activity that occurs primary in the epidermis and subsequently 
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in mesophyll cells can be re-found on the level of chloroplast formation during 
embryogenesis and during the development of leaf primordial in the shoot apical 
meristem (Tejo et al., 2010; Charuvi et al., 2012).  
 
At the globular and the heart stage chlorophyll-fluorescence emerging from chloroplasts 
was found only in the protoderm or in the epidermis, respectively. Starting with the 
torpedo stage the ground tissue started to exhibit chlorophyll-fluorescence and the 
walking stick embryo contained chlorophyll-fluorescence throughout the whole 
embryonic tissue (Tejo et al., 2010).  
 
Since chloroplast formation and PAP expression are likely coupled, one should expect 
corresponding tissue-specific changes in PAP expression. Although investigations of 
PAP-expression during embryogenesis were never done before on a tissue-specific 
level, in-silico analysis of microarray-data revealed an increase of most PAP-transcripts 
at the heart stage and in the linear cotyledon (Supp. Tab. 3 based on the data of 
Belmonte et al., 2013; Kremnev and Strand, 2014), which is consistent with the 
chloroplast formation at these stages. Since the cotyledons of Arabidopsis thaliana are 
produced from embryonic tissue and not from the shoot meristem (Barton and Poethig, 
1993; Gilbert, 2000), it is possible that the PAP-promoter activity that occurs first 
within the epidermis and subsequently in the mesophyll cells of cotyledons might be a 
remnant from embryogenesis. Comparable patterns of chloroplast development could be 
also observed within the shoot apical meristem and the young leaf primordial. The L1-
layer that gives rise to the epidermis contains chloroplasts with thylakoid membranes, 
while the central zone of the L2-layer that later turns into the mesophyll tissue contains 
only proplastids. During the leaf development this pattern changes and young leaf 
primordia contain chloroplasts both in the epidermis and the mesophyll cells (Charuvi et 
al., 2012). Later, mature leaves contain chloroplasts in the epidermis and the mesophyll 
cells, although the majority of epidermal chloroplasts re-differentiate into leucoplasts 
(Charuvi et al., 2012; Pyke and Leech, 1994; Barton et al., 2016; Virdi et al., 2016). 
Taken together these data indicate that the epidermal layer has a specific role in the 
primary chloroplast formation, prior to the chloroplast formation in the mesophyll 
tissue. A more detailed and thorough investigation promises to yield more insights in 
the epidermal function during chloroplast biogenesis and may uncover novel features of 
organelle development.  
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6 Summary 
The development of functional chloroplasts originating from undifferentiated 
proplastids is a complex process that depends on the proper function of the plastid-
encoded RNA polymerase (PEP). The PEP complex comprises the plastid-encoded 
bacteria-like core-proteins ´´´ and 12 tightly associated, nuclear-encoded proteins 
(PAPs; Steiner et al., 2011; Pfalz and Pfannschmidt, 2013). Biochemical analyses 
suggest expression and assembly of these proteins appears in a development- and/or 
light-dependent manner, however, this process is far from understood. It, however, 
represents a bottleneck in chloroplast biogenesis since genetic inactivation of any PAP 
disturbs the plastid gene expression resulting in an ivory/albino mutant phenotype. This 
thesis provides new insights into the regulation of PAP-gene expression and protein 
localization.  
 
I  Transcriptional regulation 
 In silico analyses uncovered that PAP genes likely generate a regulon with a 
tight co-expression. Expression analyses of PAP2, PAP5 and PAP8 uncovered 
comparable patterns providing experimental support for the co-expression 
hypothesis. 
 The PAP genes were not expressed uniformly all over the plant, but displayed 
organ and tissue specific expression patterns. PAPs were preferentially 
expressed in newly emerging photosynthetic tissue or tissue that is prone to 
become photosynthetic, such as the embryo, cotyledons, leaves and sepals, while 
non-photosynthetic tissue, such as roots, hypocotyl and petals did not exhibit 
PAP-gene expression.  
 Etiolated cotyledons exhibited PAP-gene expression mainly in the epidermal 
layer, while 24 h de-etiolated cotyledons displayed equal expression throughout 
the epidermis and the mesophyll tissue. However, on the transcript and protein-
level, no differences between epidermal and mesophyll cells were recognizable. 
 The PAPs were expressed prior to illumination, which suggests a 
developmental-dependent regulation. However, a transient increase of PAP-
transcripts 15 min upon illumination was detectable, indicating an additional 
light-dependent level of regulation. 
 The nucleotide sequence TGWYGY was identified as an essential regulatory 
cis-element in the PAP8-promoter being located 97 bp upstream of the 
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transcription initiation site. The element was also predicted in other PAP-
promoters and is likely recognized by the bZIP transcription factor HY5. 
 
II  Translational regulation and protein localization 
 Based on sequence analyses PAP8 contains a predicted chloroplast transit 
peptide (cTP) and a nuclear localization sequence (NLS). Fractionation 
experiments indicated that PAP8 has the ability to dually localize to nucleus and 
plastids. However, using reporter gene technology and confocal imaging PAP8 
was never observed in both compartments within one cell. In Arabidopsis 
thaliana, nuclear localization was observed only after deletion of the cTP, thus 
implying that the cTP overrules the NLS-signal. 
 The temporal expression of PAP-proteins reflected the pattern of transcription. 
Transcription and protein accumulation of PAP8 was observable in cotyledons 
of etiolated seedlings. However, while the transcription occurred mainly in the 
epidermal layer of etiolated seedlings, PAP8 protein was detectable in epidermis 
and mesophyll cells. After 24 h of illumination PAP8 gene expression pattern 
and PAP8 protein pattern coincided. Similar observations were obtained at the 
level of chloroplast formation during embryogenesis and leaf development, 
where the chloroplast formation occurred first in the epidermis and later in the 
mesophyll cells, indicating that the epidermal layer likely exerts a specific, yet 
unknown, role in chloroplast formation. 
 Complementation of the Arabidopsis pap8-1 mutant with a pPAP8::PAP8 
construct was successful and resulted in the restoration of a wild-type-like 
phenotype in the mutant background. Thus, the chosen promoter region and the 
open reading frame of PAP8 are sufficient and appropriate to fully complement 
the mutant. Hence, results of the promoter activity analyses and of the protein 
localization represent a true expression behavior of PAP8. 
 
Results of this thesis provide a detailed catalogue of the temporal and spatial expression 
of PAP genes during seedling development and describe novel and unexpected features 
of PAP localization, particularly with regard to the dual distribution between nucleus 
and plastid.  Future studies will target mechanisms that control this dual localization and 
will aim to identify a transcriptional master regulator of the PAPs. The reporter lines 
that were designed during this thesis will provide useful tools for the assessment of 
these open questions. 
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7 Zusammenfassung 
Die Bildung funktioneller Chloroplasten aus undifferenzierten Proplastiden ist ein 
komplexer Prozess, der davon abhängig ist, dass die plastidenkodierte RNA-Polymerase 
(PEP) korrekt funktioniert. Die PEP besteht aus den plastidenkodierten 
Kernuntereinheiten ´´´ und 12 kernkodierten Proteinen (PAPs), die stark mit den 
Kernuntereinheiten assoziiert sind (Steiner et al., 2011; Pfalz und Pfannschmidt, 2013). 
Biochemische Analysen lassen vermuten, dass die Expression und die Assemblierung 
der PAPs entwicklungsabhänigig und/oder lichtabhängig erfolgt, wobei dieser Prozess 
noch weitestgehend unverstanden ist. Dennoch stellt die Assemblierung der PAPs mit 
den Kernuntereinheiten der PEP einen Schlüsselprozess in der Chloroplastenbiogenese 
dar. Dies verdeutlicht sich dadurch, dass die Inaktivierung eines jeden PAPs die 
plastidäre Genexpression beeinträchtigt und somit zu einem Albino-Phänotyp führt. 
Diese Doktorarbeit liefert neue Erkenntnisse zur Regulation der Genexpression und 
Proteinlokalisation der PAPs. 
 
I  Transkriptionelle Regulation 
 In silico Analysen lassen vermuten, dass PAP-Gene höchstwahrscheinlich ein 
Regulon bilden und somit Co-exprimiert werden. Expressionsanalysen von 
PAP2, PAP5 und PAP8 zeigten vergleichbare Expressionsmuster. Damit wird 
die Co-Expressionshypothese experimentell unterstützt. 
 PAP-Gene wurden nicht überall gleichmäßig in der Pflanze exprimiert, sondern 
zeitgen organ- und gewebespezifische Expressionsmuster. PAPs wurden 
vorzugsweise in neu entstehendem, photosynthetischen Gewebe oder Gewebe, 
das kürzlich photosynthetisch geworden ist, wie Embryos, Keimblätter, Blätter, 
und Kelchblättern exprimiert. Hingegen wurde in nicht-photosynthetischem 
Gewebe, wie Wurzeln, Hypokotyl und Kronblätter keine PAP-Expression 
detektiert. 
 Etiolierte Keimblätter wiesen die Expression von PAP-Genen hauptsächlich in 
der Epidermis auf, während 24 h belichtete Keimblätter eine gleichmäßige PAP-
Expression in Epidermis und Mesophyllgewebe zeigten. Jedoch waren auf 
Transkript- und Proteinebene keine Unterschiede zwischen Epidermis und 
Mesophyllgewebe erkennbar. 
 Die Expression von PAP-Genen erfolgte bereits vor der Belichtung, was eine 
entwicklungsabhängige Regulation vermuten lässt. Jedoch war ein 
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vorübergehender Anstieg der PAP-Transkripte 15 min nach der Belichtung 
feststellbar, was auf eine zusätzliche lichtabhängige Regulation hindeutet. 
 Die Nukleotidsequenz TGWYGY wurde als essentielles regulatorisches cis-
Element innerhalb des PAP8-Promoters identifiziert. Es befindet sich 97 bp 
„stromaufwärts“ von dem Transkriptionsstartpunkt. Dieses Element wurde auch 
in anderen PAP-Promotoren vorhergesagt und wird höchstwahrscheinlich von 
dem bZIP Transkriptionsfaktor HY5 erkannt. 
 
II  Translationale Regulation und Proteinlokalisation 
 Basierend auf Sequenzanalysen enthält PAP8 vermutlich ein plastidäres 
Transitpeptid (cTP) und eine Kernlokalisationssequenz (NLS). 
Fraktionierungsexperimente deuten darauf hin, dass PAP8 die Fähigkeit besitzt, 
sowohl im Kern als auch in den Plastiden dual lokalisiert zu sein. Jedoch wurde 
PAP8 mittels Reportergen-Technologie und Konfokalmikroskopie nie in beiden 
Zellkompartimenten gleichzeitig entdeckt. In Arabidopsis thaliana wurde die 
Kernlokalisation nur mittels Deletion der cTP beobachtet, was vermuten lässt, 
dass die cTP über das NLS-signal dominiert. 
 Die zeitliche Expression der PAP-Proteine zeigte ein vergleichbares Muster wie 
die Transkription der PAP-Gene. Transkription und Proteinakkumulation von 
PAP8 konnten in Keimblättern von etiolierten Keimlingen beobachtet werden. 
Während die Transkription hauptsächlich in der Epidermis von etiolierten 
Keimlingen erfolgte, war das PAP8-Protein sowohl in Epidermis, als auch in 
den Mesophyllzellen detektierbar. Nach 24 h Belichtung war das PAP8 
Transkriptions- und Proteinmuster übereinstimmend. Auch auf der Ebene der 
Chloroplastenbildung während der Embryogenese und der Blattentwicklung 
konnte eine primäre epidermale und später mesophyll-lokalisierte 
Chloroplastenformation beobachtet werden, was darauf hindeutet, dass die 
Epidermis womöglich eine noch unbekannte, spezifische Rolle in der 
Chloroplastenbiogenese spielt. 
 Die Komplementierung der Arabidopsis pap8-1 Mutante mit dem pPAP8::PAP8 
Konstrukt war erfolgreich und resultierte in der Wiederherstellung des Wildtyp-
Phänotyps. Dies verdeutlicht, das sowohl die gewählte Promotorregion, als auch 
der offene Leserahmen von PAP8 ausreichend und geeignet sind, um die 
Mutante vollständig zu komplementieren. Dementsprechend repräsentieren die 
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Ergebnisse der Promotoraktivitätsanalysen und der Proteinlokalisation das 
wahre Expressionsverhalten von PAP8. 
 
Die Ergebnisse dieser Doktorarbeit liefern einen detaillierten Expressionskatalog der 
zeitlichen und räumlichen Expression von PAP-Genen während der 
Keimlingsentwicklung und beschreiben neue, unerwartete Aspekte der PAP 
Lokalisation, insbesondere im Hinblick auf die duale Verteilung zwischen Zellkern und 
Plastiden. Es bedarf zukünftiger Studien, um die Mechanismen, welche die duale 
Lokalisation regulieren, zu untersuchen und den transkriptionellen Masterregulator der 
PAP Genexpression zu identifizieren. Dabei werden die Reporterlinien, die im Laufe 
dieser Doktorarbeit hergestellt wurden nützliche Werkzeuge für die Erschließung dieser 
Fragen darstellen. 
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Supplemental Material 
 
Supplemental Figure 1: Expression profiles of PAP genes. Expression data of PAP1 to 11 within 47 
different organs or tissues were obtained from the eFP-browser, using the data set of the developmental 
series. No data were available for PAP12. For each PAP the values of the vegetative rosette, was used for 
normalization and set to 100%. The relative values of each PAP within the different organs and tissues 
are plotted. The organs, displaying the highest (blue circle) and the lowest (red circle) PAP-expression are 
marked. 
 
 
 
Supplemental Table 1: Cis-elements in the PAP promoter region. A FIRE-algorithm revealed the 
presence of potential cis-elements with the sequence HMWAGCTCV in the PAP promoter regions. The 
FIRE-algorithm analysis was performed in collaboration with Prof. Dr. Klaus F.X. Mayer (Helmholtz 
Centre, Munich). The cis-elements are enriched in the PAP promoter regions in comparison to the 
promoter regions of the whole genome and can be found in 11 out of the 12 PAP promoters, both on the 
forward and/or the reverse strand. All identified cis-elements within the PAP promoters are listed below. 
The core sequence AGCTC is marked in red letters. The position of the cis-element within the genome is 
marked by the spelling: Upper case letters indicate that the element was found within or in close 
proximity to an upstream gene, while lower case letters indicate the non-coding region.  
 
promoter forward strand reverse strand 
PAP1 cataactcaagctcacattt   
PAP2 
aaagaagctagctcatggga   
  gagagcgagcttttgggtga 
  tgtctagagcttggtggtga 
PAP3 
TCGTGTGAAAGCTCGAAACA   
CAAGAATCAAGCTCAAGCAC   
PAP4 tagccttctagctcacggct   
PAP5 
gagacttcaagctcacaatt   
tcaaaatcaagctccatgat   
PAP6 aaagcaacaagctcgatcaa   
PAP7 
acacaacatagctctcaaat 
   gtgattgagctttgcagCTT 
  CCAACTGAGCTATGAAAGCt 
PAP8 atttagtaaagctcctttat tctgtgagctttatccgct 
PAP9     
PAP10 AGGGAATCAAGCTCCAGTAC   
PAP11   acttaagagcttgagatagt 
PAP12 tatatacatagctcacaaag   
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Supplemental Figure 2: Plasmid map of 
pKar6. The plasmid contains a 35S promoter, 
fused to eGFP (enhanced GFP) with the KDEL, 
a transit peptide sequence that locates the 
protein into the endoplasmic reticulum (ER). It 
carries a resistant gene against 
ampicillin/carbenicillin. The construct was 
designed by Robert Blanvillain. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Supplemental Table 2: Verification of the T1-generation, carrying a pPAP::GUS construct, after 
hygromycin selection. The stably transformed seeds of the T0 generation of Arabidopsis thaliana, Col-0 
were collected and selected on hygromycin. At the early rosette stage, leaves of the resistant plantlets (T1; 
nPAP1-10=18-31) were used for GUS-assay and genotyping in order to verify the presents and the function 
of the plasmid (for pictures see Fig. 5). Each transformed line (PAP1-10) is represented in a separate 
table. Each transformant was numbered consecutively (#; column 1). The plasmid used for transformation 
is indicated in column 2. The name in column 3 (T1) identifies the plant, e.g.:  Col-0 306a F37/33 means 
that Arabidopsis thaliana, Col-0 was transformed with the plasmid pBB306a (pPAP1::GUS). The plant 
grew in flat 37 (F37) on position 33.  In column 4 is noted, whether the PCR with the forward primer of 
the according PAP (oFPAP1-10) and the reverse primer that anneals to the GUS-gene (oGUS-J) yielded a 
product (+) or not (-). If the band was very faint the plus was written in parenthesis. A blue staining due 
to the GUS-assay is indicated by a plus, no staining by a minus. If the PCR was positive, the plant 
obtained a name consisting of the Background (Col-0), the plasmid and an upper case letter.  
 
1) PAP1/pTAC3 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
# plasmid T1 PCR (oFPAP1/oGUS-J) GUS Name 
1 pBB306a Col-0 306a F37/33 + - Col-0 306a A 
2 pBB306a Col-0 306a F37/34 + - Col-0 306a B 
3 pBB306a Col-0 306a F37/35 + - Col-0 306a C 
4 pBB306a Col-0 306a F37/36 + - Col-0 306a D 
5 pBB306a Col-0 306a F37/37 + - Col-0 306a E 
6 pBB306a Col-0 306a F37/39 + - Col-0 306a F 
7 pBB306a Col-0 306a F37/40 + - Col-0 306a G 
8 pBB306a Col-0 306a F37/41 + - Col-0 306a H 
9 pBB306a Col-0 306a F37/42 + - Col-0 306a I 
10 pBB306a Col-0 306a F37/43 + - Col-0 306a J 
11 pBB306a Col-0 306a F37/44 + - Col-0 306a K 
12 pBB306a Col-0 306a F37/45 + - Col-0 306a L 
13 pBB306a Col-0 306a F37/46 + - Col-0 306a M 
14 pBB306a Col-0 306a F37/47 + - Col-0 306a N 
15 pBB306a Col-0 306a F37/48 (+) - Col-0 306a O 
16 pBB306a Col-0 306a F37/49 + - Col-0 306a P 
17 pBB306a Col-0 306a F37/50 + - Col-0 306a Q 
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2) PAP2/pTAC2 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
18 pBB306a Col-0 306a F37/51 (+) - Col-0 306a R 
19 pBB306a Col-0 306a F37/52 + - Col-0 306a S 
20 pBB306a Col-0 306a F37/53 - -   
21 pBB306a Col-0 306a F37/55 - -   
22 pBB306a Col-0 306a F37/56 + - Col-0 306a T 
23 pBB306a Col-0 306a F37/57 + - Col-0 306a U 
24 pBB306a Col-0 306a F37/58 + - Col-0 306a V 
25 pBB306a Col-0 306a F37/59 + - Col-0 306a W 
# plasmid T1 PCR (oFPAP2/oGUS-J) GUS Name 
1 pBB296b Col-0 296b F38/01 + + Col-0 296b A 
2 pBB296b Col-0 296b F38/02 - -   
3 pBB296b Col-0 296b F38/03 + + Col-0 296b B 
4 pBB296b Col-0 296b F38/04 + + Col-0 296b C 
5 pBB296b Col-0 296b F38/06 + + Col-0 296b D 
6 pBB296b Col-0 296b F38/07 + + Col-0 296b E 
7 pBB296b Col-0 296b F38/08 + + Col-0 296b F 
8 pBB296b Col-0 296b F38/09 + + Col-0 296b G 
9 pBB296b Col-0 296b F38/10 + (+) Col-0 296b H 
10 pBB296b Col-0 296b F38/11 + + Col-0 296b I 
11 pBB296b Col-0 296b F38/14 + + Col-0 296b J 
12 pBB296b Col-0 296b F38/15 + + Col-0 296b K 
13 pBB296b Col-0 296b F38/16 + - Col-0 296b L 
14 pBB296b Col-0 296b F38/17 + + Col-0 296b M 
15 pBB296b Col-0 296b F38/18 + + Col-0 296b N 
16 pBB296b Col-0 296b F38/19 + + Col-0 296b O 
17 pBB296b Col-0 296b F38/20 + + Col-0 296b P 
18 pBB296b Col-0 296b F38/21 + + Col-0 296b Q 
19 pBB296b Col-0 296b F38/22 + - Col-0 296b R 
20 pBB296b Col-0 296b F38/23 + + Col-0 296b S 
21 pBB296b Col-0 296b F38/24 + + Col-0 296b T 
22 pBB296b Col-0 296b F38/25 + + Col-0 296b U 
23 pBB296b Col-0 296b F38/26 + - Col-0 296b V 
24 pBB296b Col-0 296b F38/27 - +   
25 pBB296b Col-0 296b F38/28 + + Col-0 296b W 
26 pBB296b Col-0 296b F38/29 + + Col-0 296b X 
27 pBB296b Col-0 296b F38/30 + + Col-0 296b Y 
28 pBB296b Col-0 296b F38/32 + + Col-0 296b Z 
29 pBB296b Col-0 296b F38/34 + + Col-0 296b AA 
30 pBB296b Col-0 296b F38/35 + + Col-0 296b AB 
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3) PAP3/pTAC10 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 4) PAP4/FSD3 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
# plasmid T1 PCR (oFPAP3/oGUS-J) GUS Name 
1 pBB226α2 Col-0 226α2 F33/01 + - Col-0 226α2 A 
2 pBB226α2 Col-0 226α2 F33/02 + - Col-0 226α2 B 
3 pBB226α2 Col-0 226α2 F33/03 + - Col-0 226α2 C 
4 pBB226α2 Col-0 226α2 F33/04 - - no seeds 
5 pBB226α2 Col-0 226α2 F33/06 + - no seeds 
6 pBB226α2 Col-0 226α2 F33/07 + - Col-0 226α2 D 
7 pBB226α2 Col-0 226α2 F33/11 +  - Col-0 226α2 E 
8 pBB226α2 Col-0 226α2 F33/12 + - Col-0 226α2 F 
9 pBB226α2 Col-0 226α2 F33/14 + - Col-0 226α2 G 
10 pBB226α2 Col-0 226α2 F33/15 + - Col-0 226α2 H 
11 pBB226α2 Col-0 226α2 F33/16 + - Col-0 226α2 I 
12 pBB226α2 Col-0 226α2 F33/17 + - Col-0 226α2 J 
13 pBB226α2 Col-0 226α2 F33/18 - - 
 14 pBB226α2 Col-0 226α2 F33/19 + - Col-0 226α2 K 
15 pBB226α2 Col-0 226α2 F33/20 + - Col-0 226α2 L 
16 pBB226α2 Col-0 226α2 F33/22 + - Col-0 226α2 M 
17 pBB226α2 Col-0 226α2 F33/23 + - Col-0 226α2 N 
18 pBB226α2 Col-0 226α2 F33/24 + - Col-0 226α2 O 
19 pBB226α2 Col-0 226α2 F33/25 + - Col-0 226α2 P 
20 pBB226α2 Col-0 226α2 F33/26 - - 
 21 pBB226α2 Col-0 226α2 F33/27 + - Col-0 226α2 Q 
22 pBB226α2 Col-0 226α2 F33/29 + - Col-0 226α2 R 
# plasmid T1 PCR (oFPAP4/oGUS-J) GUS Name 
1 pBB295b Col-0 295b F33/31 + - Col-0 295b A 
2 pBB295b Col-0 295b F33/33 + - Col-0 295b B 
3 pBB295b Col-0 295b F33/34 + - Col-0 295b C 
4 pBB295b Col-0 295b F33/35 + - Col-0 295b D 
5 pBB295b Col-0 295b F33/36 + - Col-0 295b E 
6 pBB295b Col-0 295b F33/39 + - Col-0 295b F 
7 pBB295b Col-0 295b F33/41 + - Col-0 295b G 
8 pBB295b Col-0 295b F33/42 + - Col-0 295b H 
9 pBB295b Col-0 295b F33/43 + - Col-0 295b I 
10 pBB295b Col-0 295b F33/44 + - Col-0 295b J 
11 pBB295b Col-0 295b F33/47 + - Col-0 295b K 
12 pBB295b Col-0 295b F33/46 + - Col-0 295b L 
13 pBB295b Col-0 295b F33/48 + - Col-0 295b M 
14 pBB295b Col-0 295b F33/49 + - Col-0 295b N 
15 pBB295b Col-0 295b F33/50 + - Col-0 295b O 
16 pBB295b Col-0 295b F33/53 + - Col-0 295b P 
17 pBB295b Col-0 295b F33/54 + - Col-0 295b Q 
18 pBB295b Col-0 295b F33/60 + - no seeds 
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5) PAP5/HEMERA/pTAC12 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
6) PAP6/FLN1 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
# plasmid T1 
PCR 
(oFPAP5/oPAP5
midR) 
PCR 
(oPAP5midF/
oGUS-J) GUS Name 
1 pBB298f Col-0 298f F39/37 + + + Col-0 298f A 
2 pBB298f Col-0 298f F39/38 + + + Col-0 298f B 
3 pBB298f Col-0 298f F39/39 + + + Col-0 298f C 
4 pBB298f Col-0 298f F39/40 + + + Col-0 298f D 
5 pBB298f Col-0 298f F39/41 + + + Col-0 298f E 
6 pBB298f Col-0 298f F39/42 + + + Col-0 298f F 
7 pBB298f Col-0 298f F39/43 + + - Col-0 298f G 
8 pBB298f Col-0 298f F39/45 + + - Col-0 298f H 
9 pBB298f Col-0 298f F39/46 + + + Col-0 298f I 
10 pBB298f Col-0 298f F39/47 + + (+) Col-0 298f J 
11 pBB298f Col-0 298f F39/48 + + + Col-0 298f K 
12 pBB298f Col-0 298f F39/49 + + + Col-0 298f L 
13 pBB298f Col-0 298f F39/50 + + - Col-0 298f M 
14 pBB298f Col-0 298f F39/51 + + + Col-0 298f N 
15 pBB298f Col-0 298f F39/52 + + + Col-0 298f O 
16 pBB298f Col-0 298f F39/54 + + - Col-0 298f P 
17 pBB298f Col-0 298f F39/57 + + - Col-0 298f Q 
18 pBB298f Col-0 298f F39/58 + + - Col-0 298f R 
19 pBB298f Col-0 298f F39/60 + + (+) Col-0 298f S 
20 pBB298f Col-0 298f F41/01 + + + Col-0 298f T 
21 pBB298f Col-0 298f F41/03 + + - Col-0 298f U 
22 pBB298f Col-0 298f F41/06 + + - Col-0 298f V 
23 pBB298f Col-0 298f F41/07 + + + Col-0 298f W 
24 pBB298f Col-0 298f F41/08 + + + Col-0 298f X 
# Plasmid T1 PCR (oFPAP6/oGUS-J) GUS Name 
1 pBB297a Col-0 297a F40/31 + - Col-0 297a A 
2 pBB297a Col-0 297a F40/32 + - Col-0 297a B 
3 pBB297a Col-0 297a F40/33 + - Col-0 297a C 
4 pBB297a Col-0 297a F40/34 + - Col-0 297a D 
5 pBB297a Col-0 297a F40/35 + - Col-0 297a E 
6 pBB297a Col-0 297a F40/36 + - Col-0 297a F 
7 pBB297a Col-0 297a F40/37 + - Col-0 297a G 
8 pBB297a Col-0 297a F40/38 + - no seeds 
9 pBB297a Col-0 297a F40/39 + - Col-0 297a H 
10 pBB297a Col-0 297a F40/40 + - Col-0 297a I 
11 pBB297a Col-0 297a F40/41 + - Col-0 297a J 
12 pBB297a Col-0 297a F40/42 + - Col-0 297a K 
13 pBB297a Col-0 297a F40/43 + - Col-0 297a L 
14 pBB297a Col-0 297a F40/44 + - Col-0 297a M 
                                                                                                         Supplemental Material 
 
 117 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
7) PAP7/pTAC14 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
15 pBB297a Col-0 297a F40/45 + - Col-0 297a N 
16 pBB297a Col-0 297a F40/46 + - Col-0 297a O 
17 pBB297a Col-0 297a F40/47 - - 
 18 pBB297a Col-0 297a F40/48 + - Col-0 297a P 
19 pBB297a Col-0 297a F40/49 + - no seeds 
20 pBB297a Col-0 297a F40/50 + - no seeds 
21 pBB297a Col-0 297a F40/52 + - Col-0 297a Q 
22 pBB297a Col-0 297a F40/54 + - Col-0 297a R 
23 pBB297a Col-0 297a F40/55 + - Col-0 297a S 
24 pBB297a Col-0 297a F40/56 + - Col-0 297a T 
25 pBB297a Col-0 297a F40/57 + - Col-0 297a U 
26 pBB297a Col-0 297a F40/58 - - 
 27 pBB297a Col-0 297a F40/59 + - Col-0 297a V 
28 pBB297a Col-0 297a F40/60 + - Col-0 297a W 
# plasmid T1 PCR (oFPAP7/oGUS-J) GUS Name 
1 pBB310a Col-0 310a F38/37 + - Col-0 310a A 
2 pBB310a Col-0 310a F38/38 + - Col-0 310a B 
3 pBB310a Col-0 310a F38/40 + - Col-0 310a C 
4 pBB310a Col-0 310a F38/41 + - Col-0 310a D 
5 pBB310a Col-0 310a F38/42 - -   
6 pBB310a Col-0 310a F38/43 - -   
7 pBB310a Col-0 310a F38/44 + - Col-0 310a E 
8 pBB310a Col-0 310a F38/46 + - Col-0 310a F 
9 pBB310a Col-0 310a F38/47 + - Col-0 310a G 
10 pBB310a Col-0 310a F38/49 + - Col-0 310a H 
11 pBB310a Col-0 310a F38/50 + - Col-0 310a I 
12 pBB310a Col-0 310a F38/51a + - Col-0 310a J 
13 pBB310a Col-0 310a F38/51b + - Col-0 310a K 
14 pBB310a Col-0 310a F38/53 - -   
15 pBB310a Col-0 310a F38/56a + - Col-0 310a L 
16 pBB310a Col-0 310a F38/56b + - Col-0 310a M 
17 pBB310a Col-0 310a F38/57 + - Col-0 310a N 
18 pBB310a Col-0 310a F38/59 + - Col-0 310a O 
19 pBB310a Col-0 310a F38/60 + - Col-0 310a P 
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8) PAP8/pTAC16 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
9) PAP9/FSD2 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
# Plasmid T1 PCR (oFPAP8/oGUS-J) GUS Name 
1 pBB304e Col-0 304e F39/02 + + Col-0 304e A 
2 pBB304e Col-0 304e F39/05 + + no seeds 
3 pBB304e Col-0 304e F39/60 + + Col-0 304e B 
4 pBB304e Col-0 304e F39/07 + + Col-0 304e C 
5 pBB304e Col-0 304e F39/08 + + Col-0 304e D 
6 pBB304e Col-0 304e F39/09 + + no seeds 
7 pBB304e Col-0 304e F39/10 + + Col-0 304e E 
8 pBB304e Col-0 304e F39/11 + + Col-0 304e F 
9 pBB304e Col-0 304e F39/12 + + Col-0 304e G 
10 pBB304e Col-0 304e F39/13 + + no seeds 
11 pBB304e Col-0 304e F39/16 + + Col-0 304e H 
12 pBB304e Col-0 304e F39/18 (+) + Col-0 304e I 
13 pBB304e Col-0 304e F39/19 + - no seeds 
14 pBB304e Col-0 304e F39/21 + + Col-0 304e J 
15 pBB304e Col-0 304e F39/23 - +   
16 pBB304e Col-0 304e F39/24 - +   
17 pBB304e Col-0 304e F39/26 + + Col-0 304e K 
18 pBB304e Col-0 304e F39/29 (+) - Col-0 304e L 
19 pBB304e Col-0 304e F39/32 - +   
20 pBB304e Col-0 304e F39/33 + + Col-0 304e M 
21 pBB304e Col-0 304e F39/34 + + Col-0 304e N 
# plasmid T1 PCR (oFPAP9/oGUS-J) GUS Name 
1 pBB299a Col-0 299a F31/01 + - Col-0 299a A 
2 pBB299a Col-0 299a F31/02 - -   
3 pBB299a Col-0 299a F31/03 + - Col-0 299a B 
4 pBB299a Col-0 299a F31/05 + - Col-0 299a C 
5 pBB299a Col-0 299a F31/06 + - Col-0 299a D 
6 pBB299a Col-0 299a F31/07 + - Col-0 299a E 
7 pBB299a Col-0 299a F31/08 + - Col-0 299a F 
8 pBB299a Col-0 299a F31/09 + - Col-0 299a G 
9 pBB299a Col-0 299a F31/10 + - Col-0 299a H 
10 pBB299a Col-0 299a F31/11 + - Col-0 299a I 
11 pBB299a Col-0 299a F31/12 + - Col-0 299a J 
12 pBB299a Col-0 299a F31/14 + - Col-0 299a K 
13 pBB299a Col-0 299a F31/16 + - Col-0 299a L 
14 pBB299a Col-0 299a F31/18 + - Col-0 299a M 
15 pBB299a Col-0 299a F31/19 + - Col-0 299a N 
16 pBB299a Col-0 299a F31/20 + - Col-0 299a O 
17 pBB299a Col-0 299a F31/21 + - Col-0 299a P 
18 pBB299a Col-0 299a F31/22 + - Col-0 299a Q 
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10) PAP10/TrxZ 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
19 pBB299a Col-0 299a F31/23 + - Col-0 299a R 
20 pBB299a Col-0 299a F31/24 + - Col-0 299a S 
21 pBB299a Col-0 299a F31/26 + - Col-0 299a T 
22 pBB299a Col-0 299a F31/27 + - Col-0 299a U 
23 pBB299a Col-0 299a F31/28 + - Col-0 299a V 
24 pBB299a Col-0 299a F31/29 + - Col-0 299a W 
25 pBB299a Col-0 299a F31/30 + - Col-0 299a X 
26 pBB299a Col-0 299a F31/31 + - Col-0 299a Y 
27 pBB299a Col-0 299a F31/32 + - Col-0 299a Z 
28 pBB299a Col-0 299a F31/33 + - Col-0 299a AA 
29 pBB299a Col-0 299a F31/34 + - Col-0 299a AB 
30 pBB299a Col-0 299a F31/35 + - Col-0 299a AC 
31 pBB299a Col-0 299a F31/36 + - Col-0 299a AD 
# plasmid T1 PCR (oFPAP10/oGUS-J) GUS Name 
1 pBB286a Col-0 286a F40/01 + - Col-0 286a A 
2 pBB286a Col-0 286a F40/02 + - Col-0 286a B 
3 pBB286a Col-0 286a F40/04 + - Col-0 286a C 
4 pBB286a Col-0 286a F40/05 + - Col-0 286a D 
5 pBB286a Col-0 286a F40/06 + - Col-0 286a E 
6 pBB286a Col-0 286a F40/08a + - Col-0 286a F 
7 pBB286a Col-0 286a F40/08b - +   
8 pBB286a Col-0 286a F40/10a + + Col-0 286a G 
9 pBB286a Col-0 286a F40/10b + - Col-0 286a H 
10 pBB286a Col-0 286a F40/12 + - Col-0 286a I 
11 pBB286a Col-0 286a F40/14 + - Col-0 286a J 
12 pBB286a Col-0 286a F40/15 + - Col-0 286a K 
13 pBB286a Col-0 286a F40/16 + - Col-0 286a L 
14 pBB286a Col-0 286a F40/17 + - Col-0 286a M 
15 pBB286a Col-0 286a F40/18 + - Col-0 286a N 
16 pBB286a Col-0 286a F40/19 + - Col-0 286a O 
17 pBB286a Col-0 286a F40/21 - -   
18 pBB286a Col-0 286a F40/22 + - Col-0 286a P 
19 pBB286a Col-0 286a F40/23 + - Col-0 286a Q 
20 pBB286a Col-0 286a F40/24 + - Col-0 286a R 
21 pBB286a Col-0 286a F40/25 + - Col-0 286a S 
22 pBB286a Col-0 286a F40/26 + - Col-0 286a T 
23 pBB286a Col-0 286a F40/28 + - Col-0 286a U 
24 pBB286a Col-0 286a F40/29 + - Col-0 286a V 
25 pBB286a Col-0 286a F40/30 + - Col-0 286a W 
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Supplemental Figure 3: Comparison of GUS-
expression in the lines PAP8_H and PAP8_M. GUS-
expression of the two independent A.t. lines PAP8_H 
and PAP8_M, both carrying the pPAP8::GUS construct 
was compared during different developmental stages. A 
Seeds of A.t. PAP8_H and A.t. PAP8_M were imbibed 
and stratified at 4°C for 48 h, followed by growth at 
21°C in darkness for 72 h, before the plants were shifted 
for 24 h to continuous WL (~30 µE). At the indicated 
time points, plants were collected and GUS-stained for 
17 h. Two representative plants per line and time point 
are depicted. B-G Flowers, flower buds and siliques of 
A.t. lines PAP8_H and PAP8_M were collected and 
GUS-stained. B,C and F Representatives of PAP8_H 
are illustrated. D,E and G shows results with PAP8_M. 
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Supplemental Table 3: Heatmap of PAP-expression during embryogenesis. The microarray-data are 
taken from Belmonte et al., 2013. They dissected seeds of different stages (PG: Preglobular stage, G: 
Globular stage, H: Heart stage, L: Linear stage/torpedo stage, M: Mature/ bent cotyledon), isolated the 
RNA of these sections and prepared cDNA. The obtained cDNA was hybridized with the Affymetrix 
GeneChip ATH1 Arabidopsis Genome Array. For quantitative comparisons of mRNA levels, signal 
intensities from 75 GeneChip experiments were normalized by RMA. For more details, see Belmonte et 
al., 2013. These tables depict the expression values of PAP1-to 11 within (1) the embryo, (2) the 
peripheral endosperm and (3) the seed coat of Arabidopsis thaliana, ecotype Wassilewskija. According to 
Kremnev and Strand, 2014, who evaluated only the PAP-expression in the embryo, the scale from 0 
(yellow) to 3.4.e2 (red) represents relative mean signal intensity for each probe. 
 
(1) embyro PG G H L M 
PAP1 151 239 329 283 42 
PAP2 16 15 55 53 16 
PAP3 120 177 223 318 56 
PAP4 18 26 45 73 27 
PAP5 206 251 339 304 62 
PAP6 67 56 170 205 21 
PAP7 9 10 21 30 12 
PAP8 42 57 69 83 51 
PAP9 21 28 55 67 14 
PAP10 164 217 321 304 58 
PAP11 73 70 142 85 28 
      (2) endosperm PG G H L M 
PAP1 324 284 265 49 33 
PAP2 53 93 72 27 12 
PAP3 215 368 156 98 36 
PAP4 50 53 44 13 19 
PAP5 260 391 163 79 61 
PAP6 144 152 144 22 12 
PAP7 20 48 16 7 6 
PAP8 107 125 75 22 22 
PAP9 85 123 44 9 10 
PAP10 189 213 242 70 62 
PAP11 103 161 98 30 23 
      (3) seed coat PG G H L M 
PAP1 115 40 100 47 34 
PAP2 11 12 13 7 10 
PAP3 37 37 18 57 27 
PAP4 11 12 13 8 14 
PAP5 28 38 22 20 35 
PAP6 12 10 12 17 6 
PAP7 7 7 6 5 8 
PAP8 18 21 13 15 12 
PAP9 9 11 7 5 4 
PAP10 49 46 61 55 35 
PAP11 49 67 58 23 25 
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Supplemental Figure 4: Transcriptional activity of truncated pPAP5-versions. A Representation of 
the chosen promoter region of PAP5 within in a section of chromosome 2. The annotations are according 
to TAIR. B Chosen regions of the truncated pPAP5-versions. C GUS-stained, transgenic lines of 
Arabidopsis thaliana expressing the different truncated promoter versions, fused to GUS. Plants were 
grown on ½ MS-media, imbibed and stratified for 2 days, grown for 72 h at 21°C, darkness and shifted 
for 4 h to ~30 µE continuous white light before the GUS-assay. GUS staining occurred for ~17 h. Two 
representative cotyledons per promoter::GUS construct are depicted.  Chromosome section: Black arrow 
represents the open reading frame of the according gene; the arrowhead indicates the orientation of the 
gene on the chromosome. Red line: UTR; Rosé line: Intron within the UTR; Black line: Intergenic region. 
Promoter region: Grey box: UTR; Grey line: Intron within the UTR; White triangle: Cis-element with 
the core sequence HMWAGCTCV, predicted by FIRE analysis; “Plus”: Transcription initiation site (TIS, 
+1). Dark grey lines in B indicate chosen region of the truncated pPAP5-versions. 
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Supplemental Table 4: List of potential transcription factors that could bind to the predicted 
regulatory element of PAP8. The motif comparison tool Tomtom (Gupta et al, 2007) was used for the 
prediction of potential transcriptions factors that bind to the sequence TGWYGY. Two different motif 
databases (Franco-Zorilla et al, 2014 and O’Malley et al, 2016) were used for the search. The list of 
potential transcription factors is sorted by increasing E-value, which displays the discovery rate of false 
positive matches (Gupta et al, 2007). The match threshold must have an E-value of 10 or smaller. The 
ATG number as well as the name of the transcription factor and the corresponding bZIP-name is given. 
The position of the element on the sense (+) or antisense (-) strand is indicated. The consensus sequence 
is given, with the sequence TGWYGY marked in red. Capital letter: High frequency of the nucleotide in 
the sequences; Lower case letters: Lower frequency of the nucleotide in the sequences; A: adenine; T: 
thymine; C: cysteine; G: guanine; r: A or G; y: C or T; s: G or C w: A or T; k: G or T; m: A or C; h: A or 
C or T; v: A or C or G. 
Franco-Zorrilla et al, 2014  
    ATG-n° name bzip strand E-value consensus 
At1g42990 bZIP60 AtbZIP60 + 2.60E-01 rTGACGTCAy 
At5g06950 TGA2 AtbZIP20 + 3.62E-01 rTGACGTCAy 
At5g06950 TGA2 AtbZIP20 - 4.31E-01 kACGTCAkCa 
At1g42990 bZIP60 AtbZIP60 - 4.31E-01 gcCACGTCAy 
At4g31610 REM1  - 8.52E-01 gCTACAtCww 
At4g36900  DEAR4  - 6.23E+00 sCACCGACAy 
At2g33860  ETT  + 6.23E+00 tTGTCGGaah 
At1g77200    - 6.92E+00 cCRCCGACAm 
At2g33860  ETT  + 7.64E+00 htGTCGACag 
At2g40340  DREB2C  - 9.20E+00 sCACCGACAw 
O'Malley et al, 2016  
    ATG-n° 2nd name bzip strand E-value consensus 
At1g08320 TGA9 AtbZIP21 + 3.21E+00 tGATGACGTcA 
At5g10030 TGA4 AtbZIP57  - 4.71E+00 TgACGTCAmCa 
At1g08320 TGA9 AtbZIP21 + 5.30E+00 GaTGACGTCAy 
At3g30530  bZIP42 AtbZIP42 + 7.75E+00 TGCTGACGTGGC 
At5g38800  bZIP43 AtbZIP43 - 7.75E+00 GCCACGTCAGCa 
At5g65210 TGA1 AtbZIP47  - 7.83E+00 yTGACGTCAtCa 
At1g22070 TGA3 AtbZIP22  + 7.90E+00 tGmTGACGTCAy 
At1g75390  bZIP44 AtbZIP44 + 7.90E+00 wtGcTGACGTGGC 
At3g12250 TGA6 AtbZIP45  - 8.80E+00 aTGACGTCAtcaw 
At5g65210 TGA1 AtbZIP47  + 8.80E+00 wtGmTGACGTCAy 
At5g10030 TGA4 AtbZIP57  + 8.80E+00 wtGaTGACGTCAy 
At5g06839 TGA10 AtbZIP65 + 8.80E+00 tGaTGACGTCAy 
At3g30530  bZIP42 AtbZIP42 - 8.85E+00 tGCCTCGTCAGCA 
At1g22070 TGA3 AtbZIP22  + 8.88E+00 rTGACGTCAkCww 
At5g06960 TGA5 AtbZIP26  + 8.88E+00 rTGACGTCAtCat 
AT2G04038  bZIP48 AtbZIP48 - 8.88E+00 GCCACGTCAGCa 
At5g06839 TGA10 AtbZIP65 + 8.88E+00 rTGACGTCAtCw 
At1g13260 RAV1   + 9.38E+00 mwvrtrwttTyTGTTG 
At2g18160 GBF5 AtbZIP2  + 9.86E+00 wtGcTGACGTGGCa 
At1g75390  bZIP44 AtbZIP44 + 9.86E+00 tGcTGACGTGGCa 
At3g12250 TGA6 AtbZIP45  + 9.86E+00 rTGACGTCAtCa 
AT2G04038  bZIP48 AtbZIP48 - 9.86E+00 tGCCACGTCAGCa 
At5g11260 HY5 AtbZIP56  + 9.86E+00 tGaTGACGTGgc 
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Supplemental Figure 5: Predictions of the regulatory element TGWYGY. Represented is the 
consensus sequence TGWYGY found in the chosen promoter regions of PAP1 to PAP 10. The predicted 
matches of table 3 are marked on the promoter regions. For PAP5 and PAP8 the truncated version P5-99 
bp and P8-257 bp were used based on the fact that these versions still display full promoter activity (Fig. 
12 and Supp. Fig. 4). The annotations are according to TAIR. Dark grey: Upstream genes with introns 
(lines) and exons (boxes). The arrows indicate the direction of the upstream gene. Light grey: UTRs 
(boxes) with intronic regions (lines). “Plus”: Transcription initiation start (TIS, +1). Triangle: Matches of 
the predicted regulatory element TGWYGY. The direction of the triangle indicates the orientation of the 
element within the promoter region. Orange triangle: Threshold = 0.0001; White triangle: Threshold = 
0.002 
 
 
Supplemental Table 5: Mendelian segregation based on luciferase signals. Seeds of transformants, 
carrying the pPAP2::GUS, pPAP5::GUS or pPAP8::GUS construct (T2 generation) were grown on ½ 
MS-media, containing 1% sucrose and 0.8% agar. Plants were grown for 3 d in darkness at 21°C and 
shifted for 4 h to white light (30 µE), before they were sprayed with luciferin. Measurement of the 
luciferase signal was performed with a luciferase camera. # –LUC: Number of plants that did not display 
a luciferase signal; # +LUC: Number of plants that did display a luciferase signal; # total: Total amount 
of germinated seeds; %: percentage of luciferase-expressing plants. 
 
1) PAP2/ptac2 
  
# -LUC # +LUC # total % 
pBB266a F69/1 2 25 27 93 
pBB266a F69/2 1 20 21 95 
pBB266a F69/3 0 18 18 100 
pBB266a F69/4 8 23 31 74 
pBB266a F69/5 9 18 27 67 
pBB266a F69/6 3 17 20 85 
pBB266a F69/7 25 0 25 0 
pBB266a F69/8 2 19 21 90 
pBB266a F69/9 1 27 28 96 
pBB266a F69/10 8 26 34 76 
pBB266a F69/11 13 19 32 59 
pBB266a F69/12 3 20 23 87 
pBB266a F69/13 7 21 28 75 
pBB266a F69/14 6 6 12 50 
pBB266a F69/15 6 24 30 80 
pBB266a F69/16 3 11 14 79 
pBB266a F69/17 2 24 26 92 
pBB266a F69/18 7 10 17 59 
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pBB266a F69/19 1 7 8 88 
pBB266a F69/20 0 26 26 100 
pBB266a F69/21 0 10 10 100 
pBB266a F69/22 6 20 26 77 
pBB266a F69/23 0 5 5 100 
pBB266a F69/24 1 14 15 93 
pBB266a F69/25 0 14 14 100 
pBB266a F69/26 0 22 22 100 
pBB266a F69/27 6 25 31 81 
pBB266a F69/28 7 20 27 74 
pBB266a F69/29 2 23 25 92 
pBB266a F69/30 7 18 25 72 
pBB266a F69/31 3 28 31 90 
pBB266a F69/32 7 18 25 72 
pBB266a F69/33 5 16 21 76 
pBB266a F69/34 6 21 27 78 
 
2) PAP5/ptac12/HEMERA 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
# -LUC # +LUC # total % 
pBB267a F70/2 0 17 17 100 
pBB267a F70/3 0 21 21 100 
pBB267a F70/4 1 6 7 86 
pBB267a F70/5 4 10 14 71 
pBB267a F70/6 1 10 11 91 
pBB267a F70/7 3 10 13 77 
pBB267a F70/8 0 3 3 100 
pBB267a F70/9 0 3 3 100 
pBB267a F70/10 3 10 13 77 
pBB267a F70/11 0 7 7 100 
pBB267a F70/12 0 2 2 100 
pBB267a F70/13 1 2 3 67 
pBB267a F70/14 1 7 8 88 
pBB267a F70/15 0 5 5 100 
pBB267a F70/16 5 8 13 62 
pBB267a F70/17 0 5 5 100 
pBB267a F70/18 0 6 6 100 
pBB267a F70/19 0 17 17 100 
pBB267a F70/20 2 17 19 89 
pBB267a F70/21 0 11 11 100 
pBB267a F70/22 0 6 6 100 
pBB267a F70/23 1 3 4 75 
pBB267a F70/24 2 14 16 88 
pBB267a F70/25 4 9 13 69 
pBB267a F70/26 0 11 11 100 
pBB267a F70/27 3 10 13 77 
pBB267a F70/28 4 27 31 87 
pBB267a F70/29 1 22 23 96 
pBB267a F70/31 3 14 17 82 
pBB267a F70/32 3 35 38 92 
pBB267a F70/33 2 14 16 88 
pBB267a F70/34 3 10 13 77 
pBB267a F70/35 1 7 8 88 
pBB267a F70/37 1 8 9 89 
pBB267a F70/38 0 6 6 100 
pBB267a F70/39 0 2 2 100 
pBB267a F70/40 2 9 11 82 
pBB267a F70/41 0 19 19 100 
pBB267a F70/42 0 5 5 100 
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3) PAP8/ptac16 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Supplemental Figure 6: Representation 
of the PAP8:GFP fusion constructs with 
selected deletions of target sequences. 
These constructs were cloned during a 
practical course by Kévin Pounot and 
comprise the full length open reading 
frame of PAP8; PAP8 lacking the NLS; 
PAP8 lacking the cTP and PAP8 lacking 
the cTP and the NLS A The constructs are 
driven by the homologous PAP8-promoter. 
B The fusion constructs are driven by the 
constitutive active 35S-promoter of the 
cauliflower mosaic virus.  
 
 
 
 
 
 
 
 
 
pBB267a F70/44 2 5 7 71 
pBB267a F70/45 2 16 18 89 
pBB267a F70/46 3 15 18 83 
pBB267a F70/47 1 2 3 67 
pBB267a F70/48 5 10 15 67 
  
# -LUC # +LUC # total % 
pBB257a F71/1 0 35 35 100 
pBB257a F71/2 0 27 27 100 
pBB257a F71/3 0 31 31 100 
pBB257a F71/4 3 31 34 91 
pBB257a F71/5 7 23 30 77 
pBB257a F71/8 7 22 29 76 
pBB257a F71/9 5 18 23 78 
pBB257a F71/10 2 24 26 92 
pBB257a F71/11 7 18 25 72 
pBB257a F71/16 6 11 17 65 
pBB257a F71/17 1 24 25 96 
pBB257a F71/18 5 24 29 83 
pBB257a F71/19 7 17 24 71 
pBB257a F71/20 4 20 24 83 
pBB257a F71/21 1 12 13 92 
pBB257a F71/22 5 15 20 75 
pBB257a F71/23 3 24 27 89 
pBB257a F71/27 6 15 21 71 
pBB257a F71/28 3 23 26 88 
                                                                                                         Supplemental Material 
 
 127 
 
Supplemental Figure 7: Pap8-1 Mutant analysis. A Verification that the pap8-1 homozygous mutant is 
a true knockout mutant was done in a practical course by Kévin Pounot. The presence of the PAP8 
transcript was tested using the primer ortpF/ortpR. The presence of the T-DNA was tested using the 
primer combination ortpF/oLBb1.3 and oLBb1.3/oE3R. EF1 served as loading control. The utilized 
primer and the localization of the T-DNA within the PAP8-gene are indicated. The T-DNA is inserted 
twice, both in the first intron in a reverse orientation, thereby deleting 11 bp of the second exon. The 
deletion is marked with the red box that is crossed. Kévin Pounot confirmed the double insertion of the T-
DNA and the deletion by sequencing. B Pictures of wild type Col-0 and pap8-1 grown on ½ MS-media. 
Left: Plants were grown on 1% sucrose under 30 µE continuous withe light. The wild type develops 
normally, while the homozygous mutant pap8-1 stays albino and arrests its development after the 
production of the first true leaves. Right: Plants were grown on 3% sucrose and ~10 µE white light. 
Plants were grown under short day conditions (8 h light/16 h darkness) until pap8-1 developed into a 
proper rosette plant and was than shifted to long day conditions (16 h light/ 8 h dark) in order to initiate 
flowering. Flowering plants are depicted in the right bottom corner.  
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Supplemental Figure 8: Phenotypical analysis of embryos in 10-day-old siliques of Col-0 and the 
heterozygous mutants of pap7 +/- and pap8-1 +/-. Wild type and heterozygous mutants (+/-) were 
grown on soil at 21°C, ~70 µE and 60 % humidity under long day conditions (8 h night/16 h light) until 
siliques were formed. 10-day-old siliques were harvested and dissected. Pictures were taken at the Nikon 
AxioScope microscope. The picture of pap8-1 +/- was taken in the frame of a practical course by Kévin 
Pounot. 
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